Analytical and Experimental Studies of Curved Members of Closed Thin-Walled Sections by Amin, M. & Ang, A.H-S.
~~·-R>."~ 
~;:i~ 
\" ··:'·>~{CtVIL ENGINEERING STUDIES 
-....4pt, '1 
t' .. / ......... STRUCTURAL RESEARCH SERIES NO. 257 
Metz Reference Room 
Civil Eng:l'JJerj. :-\£ Department 
BI06 C. E. Bililding 
University of Illinois 
Urbana t Illinois 61801 
+-
ANALYTICAL A 
--~-...-.............. ~,~. 
CURVED EBERS 
orES 
F SE INX ALlED SECTI NS 
By 
MOHAMMAD .AMIN 
and 
ALFREDO, ANG 
Approved by: 
William H. Munse 
Final Report of a 
Research Program to 
CATERPILLAR TRACTOR' COMPANY 
PEORIA, ILLINOIS 
UNIVERSITY OF ILLINOIS 
URBANA, ILLINOIS 
SEPTEMBER 1962 
.' :,,1' 
.:....:,..'"'.:..~ 

Final Report 
of a 
Research Program 
To 
CATERPILLAR TRACTOR COMPANY 
Peoria; Illinois 
ANALYTICAL AND EXPERIMENTAL STUDIES OF 
CURVED MEMBERS OF CLOSED THIN-WALLED SECTIONS 
by 
1VlOhammad Amin and Alfredo Ang 
Approved by: 
William H. Munse 
Department of Civil Engineering 
University of Illinois 
Urbana, Illinois 
1 September 1962 

I. INTRODUCTION .. 
1.1 Object and Scope .. 
1.2 Notation . 0 •• 0 
103 Acknowledgements .. 
ii 
TABLE OF CONTENTS 
Page 
1 
1 
2 
5 
II . A.WALYTICAL Iti'VESTIGATION. 6 
201 Introductory Remarks 0 
2.2 Approximate Formula for Transverse Flexural Stress 0 
As s umptions 0 • 
Derivation. . . . 0 • 
Sign Convention 0 0-' • 
Varying Radius of Curvature .. 
Approximate Formula for Axial Flexural Stresso . 
2.401 
204.2 
General. 0 • • • • • • • • • • • • • D • • 
Semi-empirical Formula for the Axial Flexural 
Stress. . . 0 • • • • • • • • • • 
Formula for Axial Flexural Stress Based on "Plane 
Section" Assumption . . . . . . . 0 0 • • • 0 
6 
7 
1 
7 
13 
14 
15 
15 
16 
16 
2.5 Equation for J:)eflection of an End-Loaded C-Frame . . o. 18 
206 Determination of Axial Flexural Stresses for Bending in 
Plane of Curvature 0 • • • • • • • 0 • • 19 
2.7 Plate Bending. c • 20 
20101 
20702 
207·3 
General ... 
Method of Analysis. 
Cases Considered. . . . 0 • 
III. EXPERIMENTAL INVE$TIGATION. . . 
301 Introductory Remarks 0 
3.2 Object and Scope of Tests .. 
303 Test Specimen .. 0 
304 Supporting Frame 0 0 • 
305 Loading Apparatus .. 
306 Instrumentation .... 
Load Measurements . 
Strain Measurements . 
Deflection Measurements . 
307 Testing Procedure ...... 0 • 
3.8 Data Reduction ........ . 
308.1 Determination of Stresses 
30802 Effect of Base Rotations on Deflections. 
308.3 .Determination of Centerline Deflections .. 
3.8.4 Determination of Centerline Rotations . 
20 
20 
21 
22 
22 
22 
23 
2,3 
0), 
<-.""1' 
25 
25 
25 
25 
26 
28 
28 
28 
30 
~l 
./-
iii 
TABLE OF CONTENTS (Cont I d) 
IV a PRESENTATION AND DISCUSSION OF RESULTS. 33 
4.1 Introductory Remarks 0 • • • • • • • • • • • • • • • 33 
4.2 Results for Loads Applied Normal to Plane of Curvature, 
Ph ........... • . . . . . . . . . . . . . .. 33 
4.2.1 Comparison of Experimental and computed Transverse 
Flexural Stresses . . . . . . . . . . 0 • • • 34 
4.2.2 Comparison of Experimental and Computed Axial 
Flexural Stresses . . . . . . . . . 0 • 
4.2.3 Deflection Results ......... . 
Results for Loads in the Plane of Curvature, P . 
v 
4.3.1 Comparison of Experimental and Computed Axial 
Flexural Stresses . . . . . . . . . . . . 
4.3.2 Experimental Transverse Flexural Stresses 0 • 
404 Effect of Plate Bending on Stresses. 
Va SUMMARY AND CONCLUSIONS. 
REFERENCES .. 
FIGu"RES . . . 
APPENDIX A .. 
APPENDIX B .. 
37 
39 
40 
40 
41 
4l 
42 
46 
82 
Figure 
1 
2 
3 
4 
5 
6 
7a 
TD 
9'0 
10 
lla 
lIb 
12 
13 
14 
iv 
LIST OF FIGURES 
No. 
State of Stress at a Point. 
Circular Element. 
Free-Body Diagram of Circular Element in Plan 
Axial Flexural Stress·es and Shear Flow Acting on the 
Circular Element. Q •• 
Free-Body Diagrams for Walls of Circular Element: 
a Top Wall .. 
b Bottom Wall 
c Inner Wall. 
d Outer Wall. . . 
Side View of Circular Element Q 
Replacement Frame 0 • 
Free-Body Diagrams for Inner and Outer Members •. 
Distribution of Transverse Flexural MOment in Various 
'tnTalls . . 
2- Top Wall. 
~ Bottom Wall 
::: I:l..'1er Wall. 
:i C··-I=>,... \ao4\J~_ Wall. 
Idealized C-Frame Q • 
':Jr-pic al Section . 
Sq~are Plate Used to Investigate Effect of Plate Bending 
Test Specimen Showing Positions of Gage Points. 
Details of Test Specimen. 
The Test Specimen . . . . 
Connection Between the Test Specimen and Supporting Frame 
Loading Equipment . . 0 • 0 
Page 
46 
46 
47 
47 
48 
48 
48 
48 
48 
48 
50 
50 
50 
51 
52 
53 
53 
54 
Figure No. 
l5 
l6 
l7 
l8 
19 
20 
2l 
22a 
22b 
22c 
23 
24 
25 
26 
27 
28 
29 
30 
3l 
32 
v 
LIST OF FIGURES (Cont'd) 
Angle Frame for Dial Indicators . 
Dial Indicators at a Typical Point of Test Specimen. 
Dial Indicators at the Base of Test Specimen. 
Plan of Supporting Frame. . 
55 
55 
56 
Arrangement of Loading E~uipment for Horizontal Load, Ph 57 
Arrangement of Loading E~uipment for Vertical Load, P
v 
57 
Typical Connection Between Dial Indicator and Test 
Spec imen. . . . . . . . . . . . . . . . . . . 58 
Locations of Points on Base Plate Whose MOvements Were 
Measured. 
Positive Directions of Base Rotations .. 
Directions of MOvements Measured at Each Corner . 59 
Distortional Corrections Applied to a Diagonal. 59 
Schematic Representation of Test Specimen . " . 0 60 
Comparison of Computed and Experimental Transverse 
Flexural Stresses for Points lO and l2, Due to Ph . 6l 
Comparison of Computed and Experimental Transverse 
Flexural Stresses for Points l and 9, Due to Ph . . 62 
Comparison of Computed and Experimental Transverse 
Flexural Stresses for Points 3 and 7, Due to Ph . 0 63 
Comparison of Computed and Experimental Transverse 
Flexural Stresses for Points 4 and 6, Due to Ph D • 64 
Comparison of Computed and Experimental Transverse 
Flexural Stresses for Points 2, 5, 8 and ll, Due to Ph" 65 
Experimental Values of Transverse Flexural Stresses at 
Various Points of Test Specimen for Ph = l2k. 66 
Comparison of Computed and Experimental Axial Flexural 
Stresses for Points lO and l2, Due to Ph ...... ". 67 
Comparison of Computed and Experimental Axial Flexural 
Stresses for Points l and 9, Due to Ph" .... " 68 
Figure No. 
33 
35 
~7 ). 
39 
40 
41 
42 
44 
vi 
LIST OF FIGURES (Cont'd) 
Comparison of Computed and Experimental Axial Flexural 
Stresses for Points 2, 4, 6, and 8, Due to Ph . . . .. 69 
Comparison of Computed and Experimental Axial Flexural 
Stresses for Points 3, 5, 7, and 11, Due to Ph. . 70 
Experimental Values of Axial Flexural Stresses at Various 
Sections of Test Specimen for Ph = 12k. 71 
Comparison of Computed and Experimental Axial Flexural 
Stresses for Points 10, 11, and 12, Due to P .... 0 72 
v 
Comparison of Computed and Experimental Axial Flexural 
Stresses for Points 4, 5, and 6, Due to P . . . . . .. 73 
v 
Comparison of Computed and Experimental Axial Flexural 
Stresses for Points 1, 2, 3, 7, 8, and 9, Due to P 74 
v 
Experimental Values of Axial Flexural Stresses at Various 
Sections of Test Specimen for P
v 
= 8k . . . . . . . 75 
Experimental Values of Transverse Flexural Stresses at 
Points 4, 5, 6, 10, 11, and 12, Due to P .. 0 0 • 76 
v 
Experimental Values of Transverse Flexural Stresses at 
Points l, 2, 3, 7, 8, and 9, Due to P .... 0 0 • 77 
v 
Experimental Values of Transverse Flexural Stresses at 
Various Sections of Test Specimen for P 8k . 78 
v 
Case 1: Variation of Bending Moment in x and y 
Directions 0 • • • • • • • • • • • • • •• 0.. o. 79 
Case 2: Variation of Bending Moment in x and y 
Directions ............. 0 • a 0 •• 0 80 
Case 3: Variation of Bending Moment in x and y 
Directions. 0 •••••••••••••• 81 
Table No. 
Bol 
B.2 
B·3 
B.4 
B·5 
B.6 
Bo8 
B·9 
vii 
LIST OF TABLES 
a 
Ratio M/::2 for Various Points •. • .. • .... · • . 
Experimental and Computed Values of Transverse Flexural 
Stresses, a
r
, Due to Ph . . . . . . . .... 
Experimental and Computed Values of Axial Flexural 
Stresses, ae, Due to Ph .. 0 ••• 
Measured Values of Base Rotations, Due to Ph" 
Measured and Computed Centerline Deflections in 
Direction Normal to Plane of Curvature, Due to Ph . 
Measured Rotations of Diagonals of an 11.25 x 11.25 
Square Subjected to Corner Deflections of Test Specimen 
for Ph = 12k. . . . . . . . . . . . . . . . . . . . . . 
Computed Changes in Diagonal Lengths of an 11.25 x 11.25 
Square Subjected to Corner Deflections of Test Specimen, 
Due to Ph . . . . . . . . . . . . . . . 0 • • 
Experimental and Computed Values of Axial Flexural 
Stresses, a , Due to P ... 0 • e v 
Measured Values of Transverse Flexural Stresses; a , 
Due to P . . . . . . . . 0 0 • • • • " 0 • :: • • 
v 
Page 
86 
88 
97 
97 
99 
101 
1.1 Object and Scope 
Chapter I 
INTRODUCTION 
Very little data from analytical or experimental studies on curved 
members of closed thin-walled cross sections are available in the literature. 
The only information known to the authors are, an approximate equivalent 
straight beam analysis to determine the axial flexural stress (in the direction 
of the axis of the member) at any point of a symmetrical box structure, as 
described in Ref. (1), and the experimental results obtained by the sponsor in 
a full-scale test of C-frames. 
The principal objectives of this study were to develop simple 
expressions for the components of stress at any point in a curved member of box 
section subjected to torsional and bending loads, to obtain measurements of 
strains and deflections in a test specimen with simple geometry for the purpose 
of evaluating the validity of the new formulas, and to provide a better under-
standing of the over-all behavior of such members. 
The analytical studies are reported in Chapter 110 An approximate 
formula is developed for calculating the transverse flexural stresses which 
result from the distortion of cross-sections. This component is usually higher 
in magnitude than the other components of stress. Also included area semi-
emperical formula for axial flexural stress, and a description of the method 
used to investigate the effect of plate bending on the stresses in the walls of 
the box member in regions of high torsional loads. The approximate formula for 
the transverse flexural stress is applied to an idealized structure in Appendix A 
for illustrative purposes. 
The experimental investigation is reported in Chapter III, wherein a 
detailed description of the test specimen, instrumentation, loading, and the 
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test procedure is given. The specimen was tested for loads normal to and in the 
plane of curvature of the membero These loads were applied independently, and 
no simultaneous application of the two loads was considered. The test results 
for loads normal to the plane of curvature are of primary importance in this 
investigation since the dominant stress component is that resulting from 
distortion of the sections under such loads. 
The experimental results are presented and compared with the 
analytical results in Chapter IV. The results indicate that the approximate 
formula developed for the transverse flexural stress yields results which agree 
very well with the corresponding experimental values. Both experimental and 
analytical results obtained in this investigation are tabulated in Appendix B. 
Chapter V includes a brief summary of the results and conclusions. 
l.2 Notation 
reference. 
The symbols used in this report are summarized here for convenient 
a 
A 
b 
D 
E 
F 
G 
I 
distance across the top Wall) measured from the inner wall to 
the point where the axial flexural stress on the top wall is 
zero. (See Fig. A) 
cross sectional area 
mean dimension of the walls 
diagonal dimension of an undeformed ll.25 x ll025 square 
closed thin-walled section 
diagonal dimensions of ll.25 x 11.25 square closed thin-walled 
section in deformed state 
modulus of elasticity 
the shear resisted by plate action when a torque) T, is 
transmitted through a section lO~ away fromfue support. 
modulus of elasticity in shear 
centroidal moment of inertia of cross section 
q 
R 
-3-
J = St. Venant's Torsion constant 
M = bending moment 
m = transverse flexural moment per unit width 
m 
Tj 
p 
-rt T 
= 2b 2 
transverse flexural moments per unit width at the inner 
ana outer corners) respectively_ 
~ransverse flexural moment at a point Tj distance from the 
midpoint of a wall 
a point on the test specimen 
load applied at the trunion normal to the plane of curvature 
= load applied at the trunion in the plane of curvature 
magnitude of uniform shear flow 
r radius of curvature of the axis of a curved member 
r i ) ro = radii of curvature of the inner and outer walls) respectively 
resultant radial forces acting on the top and bottom walls) 
respectively 
R* a couple acting on the top and bottom walls as defined in 
page (11) 
R + R* t 
T 
t 
v 
z 
= the net. resultant radial force acting on the top and bottom 
walls 
twisting moment 
wall thickness 
shear force 
_!J. y dA 
A r + y 
cross-section 
deflection at point P in direction y. related to the fully 
l fixed support condition 
2) 3) = measured deflection at point P in direction y. 
l 
° e.) 
l 
l) 2) 
5 
c 
5 
ill 
E 
r 
° r 
° rm 
° rc 
° rTJ 
°e 
°e 
0 
Oem 
°ec 
°e 
3) 
T 
T 
2tb2 
t.. 
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rigid body displacement produced at point P in directions Yi 
centerline deflection normal to the plane of curvature 
centerline deflection normal to plane of curvature 
determined by the simple theory 
centerline deflections normal to plane of curvature determined 
from experimental data 
corrected rotations of diagonals of an 11.25 x 11.25 square 
closed thin-walled section in the deformed state 
transverse flexural strain 
axial flexural strain 
axial flexural strains at the inner and outer corners of a 
section) respectively 
transverse flexural stress 
= experimental transverse flexural stress 
computed transverse flexural stress 
computed transverse flexural stress at a point with radius r 
and TJ distance from the midpoint of a vlall 
axial flexural stress 
axial flexural stresses at the inner and outer corners of a 
section) respectively 
experimental axial flexural stress 
computed axial flexural stress 
average axial flexural stress acting on top or bottom wall 
rotation of the base of the test specimen about axis X. 
l 
shear stress 
grid length used in the finite difference equations 
~ Poisson's ratio 
-5-
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Chapter II 
Al~ALYTICAL INVESTIGATION 
2.1 Introductory Remarks 
The analysis of a curved member built up of thin plate elements and 
subjected to both torsional and bending loads can theoretically be considered 
a problem in shell analysiso By making certain assumptions about the geometry 
of the structure a~d the distribution of stresses at any cross section it is 
possible to develop approximate" but simple expressions for various components 
of stress at any point in the member. Specifically" these studies were aimed 
at developing formulas for rapid calculation of stresses in such members rather 
than a rigorous analysis of the behavior of such members. 
In a member composed of thin plate elements stresses normal to the 
faces of the plates are usually negligible at points which are distant from the 
points of application of concentrated loads. Also" the shearing stresses normal 
to the plates can be neglected. It follows that the sta~e of stress at any 
point in the structure may be reduced to a two dimensional state of stress as 
shown in Fig. (1). The three components of stress to be determined at any point" 
therefore" are the following: transverse flexural stress" ° , axial flexural r 
stress" 0e" and the shear stress" 1". 
For a member of square thin-walled cross section 1" is obtained by 
assuming a uniform shear flow at the section in question. Approximate methods 
of determining the stress components or and 0e in a prismatic curved member of 
square thin-walled cross section with constant radius of curvature are discussed 
below. 
-7-
2.2 Approximate Formula for Transverse Flexural Stress 
2.2.1 Assumptions. The approximate formula for transverse flexural 
stress) 0 ) is based on the following assumptions: 
r 
1. The member is a curved member of uniform radius of curvatur e and 
of square thin-walled cross section. 
2. The member has a uniform wall thickness. 
3. The materLal of which the member is composed is homogeneous 
isotropic, and linearly elastic. 
4. Deformations are small" 
5. The distribution of axial flexural strains is linear across the 
width and through the depth of the cross section) and the distribution of the 
axial flexural stress is as given in Sect. 2.4. 
6. Shearing stresses in a wall resulting from bending in its own 
plane are neglected; that is, plate bending is approximated by bending of 
transverse strips acting as beams. The walls actually act as plate elements, 
but for cases where the moment and torque gradients are not excessively high this 
assumption gives fair results for the transverse flexural stresses in the walls. 
The effect of plate bending on flexural stresses in regions of high torsional 
loads is discussed in Sect. 4.4. 
2.2. 2 Derivation 0 A circular element of the member between two radial--
planes having an infinitesimal dihedral angle de is shown in Fig. (2). The 
resultant forces on the circular element can be resolved into three components: 
torque) T, bending moment, M, and shear, V. These components of the resultant 
force are shown in plan view in Fig. (3). The following sign convention is 
used (see Fig. 3): Couples are represented b;:;,: vectors according to the left hand 
screw rule; the cross section of the circular element facing the positive 
direction of e is called the positive face or the positive section; all vectors 
-8-
are positive if they are oriented in the positive directions of the reference 
axes in the positive face) and in the negative directions of the reference 
axes in the negative face. With such a convention) positive bending moment 
gives tension in the bottom wall. 
Because of assumption (1)) torque) bending moment and shear are 
functions of e alone and) if denoted by T) M) and V) respectively on the negative 
face) will have values T + dT) M + dM) and V + dV on the positive face. 
Equilibrium of moment vectors in the direction of the tangent gives the equilibrium 
of moments about the e-axis) thus 
_ ·T + M ~e + (M + dM) ~e + T + dT o. 
Simplifying and neglecting terms of higher order) 
dT 
M + de o 
Similarly equilibrium of moments about the r-axis yields) 
_ 
T de - de ( ) - de 2 - M + Vr 2 + V + dV r 2 + M 
+ dM - (T + dT) ~e o. 
After simplifying and neglecting terms of higher order) this becomes 
o 
where r is the mean radius of the circular element. 
Equations (1) and (2) result from the application of the laws of 
statics to the circular element and are) therefore) independent of material 
properties. Equation (2) gives a relationship between M) T) and V and is 
(1) 
(2) 
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analogous to the M - V relationship in a straight beam. In fact" when 8-· •. ·0" 
r d8--- dx) and T is equal to zero, Eq. (2) is reduced to the shear-moment 
relationship for a straight beam. Any assumption regarding the nature of the 
distribution of stresses at cross sections of the member must yield a 
resultant force whose components satisfy Eqs. (1) and (2). 
A schematic representation of the assumed distribution of the axial 
flexural stresses, °8 , and the shear flow, q, acting on the circular element of 
Fig. (2) is shown in Fig. (4). Axial flexural stresses are assumed to vary 
linearly across the width and through the depth of the circular element. In 
the following development the net forces acting in the radial directions at 
the top and bottom walls of tbe circular element will first be computed; then) 
the circular element will be treated as a square frame subjected to these 
forces which tend to distort the cross section, thus inducing transverse 
flexural stresses, ° . 
r 
The free-body diagrams for the top, bottom, inner and outer walls are 
shown in Figs. (5a), (5b), (5c), and (5d), respectively, where the follOwing 
notation is used: 
0 e. and 0e denote the axial flexural stresses acting at the inside and 
l 0 
outside corners, respectively. Tensile stresses are considered 
positive. 
-0 e = the average axial flexural stress acting on the top and bottom walls 
T q = the magnitude of the uniform shear flow = ~ t = ---, where, t is 
2b2 
the wall thickness and b is the mean dimension of the walls. 
PrOjecting the forces acting on the top wall onto the r-axis, we 
obtain 
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which) after neglecting the term of second order) takes the form 
where) Rt is the resultant radial force acting on the top wall; directed in 
the positive direction of r-axis. 
A similar consideration with respect to the forces acting on the 
bottom wall yields a radial force ~ on the bottom wall equal to Rt in magnitude 
but in the opposite direction. Figure (6) is a side View" projected on the r-z 
plane" of the circular element of Fig. (2)" where in addition to the resultant 
forces Rt and ~ acting on the top and bottom walls" the radial component of 
the stresses in the two side walls are shown. These stresses are the r-components 
of the stresses shown in Figs. (5c) and (5d). The maximum values of these 
stress components are 
de) 
• 2 de. 
The moment about the e-axis produced b;,{ these stresses is 
A couple R* acting in the top and bottom walls that will produce the same 
moment is 
Hence) replacing the stresses on the side walls by R*) the net resultant forces 
in the radial direction acting on the top and bottom walls are 
-11-
4 -R = R* + Rt = 3'tb (J e de + bdq 
where; 
and in view of Eq. (1) 
Using Eqs. (5) and (6) in Eq. (4) 
M 2 de. 
2b 
M M 
R = b de - 2b de 
M 
= - de 2b 
Note that the first term on the right-hand side of Eq. (7) is the 
(4) 
(6) 
contribution of the bending moment; and the second term is the contribution of 
the torque; to the net radial force R. It is clear that the effect of bending 
moment is more pronounced than the effect of the torque. 
In order to simplify the analysis) the components of the stresses 
shown in Fig. (4) that produce distortion of the cross section are represented 
by a couple R acting at the top and bottom walls in the radial direction as 
shown in Fig. (7a). It must be emphasized that the state of stress in Fig. (4) 
is a self-equilibrating stress condition) but the distribution of the stress 
and the geometry of the section give rise to distortion of the cross section; 
as represented by Fig. (7a). In Fig. (7a) the frame will be assumed to have 
prismatical members throughout. Such an assumption greatly simplifies the 
analysis; otherwise a frame of varying stiffness has to be considered. In 
Fig. (7b) are shown the free-body diagrams for the inner and outer members. 
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Equilib:r-ium of moments acting on the top wall requires that 
or 
m. r. de 
~ ~ 
m r de, 
o 0 
m. r. = m r 
~ ~ 0 0 
where ~. and ill are derived as follows: 
~ 0 
The eq~ilibrium for the inner wall requires that, 
OT 
m. 
~ 
M 
~ 
~ 
A simil~ consideration for the outer wall yields 
or 
m 
o 
M 
= 8r . 
o 
(8) 
In ~qs. , ::.) 2...'1:'" (9) In. and ill denote the moments per unit width acting at the 
. ·10 
=: ·.:,~_e ~op member with inner and oute'r members respectively; r. and r 
~ 0 
c.orners 
are ~he co~rcspo~:"'ing radii of curvature. Equations (8) and (9) are the 
relations:-_ips reCl\.lired for the determination of the transverse flexural stresses 
in. tLe cG.:r";e:'" ::.ewoer. 
~et w denote the value of the transverse flexural moment at any point 
of tLe cross section. The distribution of m across the width and through the 
depth of the cm ss section is shown in Fig. (8). The moment m will cause 
tran.S"IerSe flexural stresses through the thickness of each wall which can be 
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found by the application of the conventional flexural formula) ~) applied to 
the individual walls. The value of the transverse flexural stress at an extreme 
fiber) therefore) is 
cr 
r 
t 
m(-) 2 6m 
= t 2 (10) 
At a given section) the high stresses occur at the points where the moments) m) 
are maximum) which are at the corners of the section) and are: 
cr 
r. 
l 
cr 
r 
o 
-2 
- 4 
M 
--2 ) 
r.t 
l 
M 
r t 2 . 
o 
(11) 
(12) 
Since r. < r ) it follows that the absolute maximum values of the transverse 
l 0 
flexural stresses at any section) occur at the inner corners) and are given by 
Eq. (ll). 
2.2.3 Sign Convention. In the previous section it has been 
demonstrated that cr at any section is a function of the force R acting at the 
r 
top and bottom walls of the circular element) which in turn is a function of the 
axial flexural stress and tbe shear flow; hence) bending moment and tor~ue. 
Equation (7) clearly indicates that the contribution of the bending moment to R 
is more pronounced than that of the tor~ue. In view of these observations the 
following procedure for sign convention is suggested. 
A positive moment (tension bottom wall) will cause R on the top wall 
to be directed in the direction of increasing r. The sign of the transverse 
flexural stress at any point of the cross section can be determined then from the 
distortion of the frame shown in Fig. (7a). 
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2.3 Varying Radius of Curvature 
E~uations (8) and (9) in Sect. 2.2.2 were derived under the assumption 
that the member is a curved member with uniform radius of curvature. In practice, 
two variations from this assumption may occur. 
First, the center line of the member may be a curve of continuously 
varying curvatures. At any section, the curvature of such a member can best 
be approximated by the curvature of the osculating circle applicable at the 
section. Then the procedure of Sect. 2.2.2 for the determination of the 
transverse flexural stresses becomes applicable and E~s. (8) and (9) can be 
used to determine the transverse flexural moments m. and m with the under-
l 0 
standing that r. and r , now, are the radii of curvature of the inner and outer 
l 0 
walls drawn from the center of curvature of the curved axis at the section in 
~uestion. 
Second, the member may be a compo.und curve composed of several 
circular arcs. E~uations (8) and (9) are of course applicable within individual 
circular segments. However, at the point of tangency of the two circular arcs 
these formulas are no longer strictly applicable. It is suggested that E~s. '(8) 
&~d (9) be used to determine m. and ill at such sections with the r. and r 
l 0 l 0 
being taken as the average of the values corresponding to the adjacent circular 
segments. 
A special case of the latter situation arises when a circular arc 
is followed by a straight portion. The radius of curvature, in this case, is 
infinite immediately to one side and it is finite immediately to the other side 
of the point of tangency. Furthermore, because of the geometry of the axis the 
axial flexural stresses acting on the straight portion do not have radial 
components, whereas those acting on the curved portion do have radial components. 
-15-
In such a case it is suggested that E~so (8) and (9) be applied to determine 
m. and m using the values of r. and r applicable to the circular portion 
l 0 l 0 
and the values thus computed be divided by 2. 
An illustrative example showing the uses of the suggested techni~ues 
is given in Appendix A. 
2.4 Approximate Procedure for Axial Flexural Stress 
2.4.1 General. It is recalled that when a prismatic straight member 
of non-circular croSS section is subjected to a constant tor~ue the cross 
sections 'i{arp) and if all the sections are free to warp no axial stresses 
accompany the twist. This is not the Situation, however, when warping is 
prevented or restricted in some way due to support conditions) or non-uniform 
twist. Under these conditions normal stresses will be induced which vary from 
section to section. 
The normal stresses that result from a prevention of warping in some 
section or because of non-uniform twist are intensified in the case of a curved 
member because the longitudinal fibers of the member are not of the same length. 
Indeed, the experimental results presented in Chap. IV of this report clearly 
indicate that the distribution of the axial flexural stresses in the test 
specimen differ considerably from those obtained under the "plane section" 
assumption, which would hold if there were no axial normal stresses induced due 
to torsion. There seems to be no rigorous solution available for the axial 
normal stresses induced due to torsion ,in a curved member of closed t~in walled 
section and a study of .this problem is beyond the scope of the investigation 
reported herein. However) a semi-empirical procedure) which gives stresses 
that agree closely with the maximum measured stresses, is presented. 
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2.4.2 Semi-empirical Formula for tre Axial Flexural Stres s . The 
axial normal stresses induced by the torque, whatever their distribution, must 
satisfy the following condition of equilibrium: the resultant axial force 
and bending moment produced by these stresses must equal zero at every cross 
section. When this stress system is superimposed on the stresses which are 
produced by the bending moment alone, the resulting stress distribution at any 
section will be of the type shown in Fig. (4). The resulting formula gives a 
stress distribution that agrees with the experimental results presented in 
Chap. IV of this report. 
In Fig. (4) let t! all denote the distance across the top wall, measured 
from the inner wall to the point where the axial flexural stress on the top wall 
is zero. Equilibrium of moments about the r-axis requires that 
[! cre t (~) a - ! cr t (b - a)] b 
. 2 b-a 2 e 
o a 
+ [! cr t (~ - 1) b g b 1v1 
2 e b-a 2 3 
o 
which, after simplification yields 
= ~.J!.. b-a 
2 tb2 . 2a-b 
The value of II a" in Eq. (13) was so determined that the maximum stresses 
computed from this formula closely approximate the corresponding measured 
values as w~ll be discussed in Sect. 4.2.2. 
2.4.3. Formula for Axial Flexural Stress Based on 'Plane Section 11 
Assumption. It has been pointed out that the axial flexural stresses derived 
from the "plane sectionfl assumption for a curved member under torsional and 
bending loads are not in agreement with the experimental results. .AB a ,means 
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of providing a convenient reference) the formula to determine the axial 
flexural stresses in a curved member having the geometry described in Sect. 
2.2.1) under the assumption that plane sections remain plane after loading) is 
derived in this section. 
Under the Tlplane sectionlT assumption the variation of strains) and 
hence stresses, is linear through the depth of the membero However) the 
variation of strains across the width (on the top and bottom walls) is such that 
or 
where 
It follows that 
r 
o 
de 
r 
o 
Ee r de 
the axial flexural strain at the outside corner) 
the axial flexural strain at the point with radius r, on the 
top or bottom wall. 
r 
o 
(14) 
Equating the applied bending moment to the reSisting moment at a given section: 
r. 
l 
2 [1 ( ) (E.)] t ae dr + 3 b 2 tae 2 
o 
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Substituting from E~" (14) and simplifying 
M 
[
r r 
tbr
o 
log ~ + (~) (1 + ~)J 
e r. 0 r. 
l l 
After determining a e from Eq. (15)) and knowing that the axial flexural 
o 
stresses for the top and bottom walls satisfy Eq. (14)) and that these stresses 
vary linearly through the depth) the value of the axial flexural stress at any 
point of the cross section can be determined. 
205 Equation for Deflection of an End-Loaded C-Frame 
~{i th the simple theory described in Ref. (2)) an e~uation for the 
total displacement normal to the plane of curvature at any point wi thin the 
curved portion of the idealized end-loaded C-frame) Fig. (9a)) was derived and 
is given below. 
where) 
Ph i cr- 2 l' 2 ( ) J -3 ( ) 0c = 4EI L cos a - ~ - 2a sin a + r ~ - 2a cos a 
+ 4 sin a + 2 (v - 2a - 2) J + 4r d (c + r) (1 - sin qj, 
Ph = load applied normal to the plane of curvature; considered 
positive when directed away from the reader in Fig. (9a) 0 
(16) 
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c) d" are the dimensions sho,\ffi in Fig. (9a). 
r radius of curvature of the axis 
EI flexural rigidity 
GJ torsional rigidity 
ex angle in radians" which locates the point where 5 is desired 
(see Fig. 9a). 0 < ex < R 
- 2 
0c deflection normal to plane of curvature; positive when it is 
in the direction of the applied load. 
2.6 Determination of Axial Flexural Stresses for Bending in the Plane of 
Curvature 
The problem of determining the axial flexural stresses) cre" in a 
curved member" where the bending moment at each section is in' a plane normal to 
the plane of curvature) was discussed in Sect. 2.2. For bending in the plane 
of curvature" the Winkler-Bach formula is used to determine the axial flexural 
stresses. A derivation of this formula is given in Ref. (3). The formUla is 
summarized here for convenient reference. 
where" 
y 
z 
A 
1 y 
+ Z 0 f + yJ 
bending moment; positive when it decreases the radius of 
curvature 
distance from the centroidal axis of a transverse section; 
positive when measured toward the convex side of the beam. 
A
l J -y- dA r + y 
cross-section 
cross sectional area 
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2.7 Plate Bending 
2.7.l General. In members such as box-sections that are built up 
of plate elements) the individual walls have a tendency to bend in their own 
planes when the members are subjected to torsion. In most cases the effect 
of this plate bending can be considered as secondary and neglected. However} 
under certain conditions of support and high torsional loads the effect of plate 
bending may be of significance. 
The approximate analytical studies carried out to determine the 
effect of plate bending on axial and the transverse flexural stresses in a box 
section are discussed in this section. 
2.7.2 Method of Analysis. Analytical studies to determine the 
effect of plate bending on stresses in a square box section at the region of 
high torsion were carried out by considering one wall of the section as a 
square plate as shown in Fig. (lO). In all cases considered the side AD was 
fixed against deflection and rotation. The effect of a torsional load was 
produced by considering the deflection surface of the plate to be anti-
symmetrical about the center line of the plate and by assigning a unit downward 
A2 
deflection of F 1f to the corner B where) 
A = one-tenth the width of the Wall} used as grid length in the 
finite difference equations 
N 
E = modulus of elasticity 
t = wall thickness 
~ = Poisson's ratio 
F = the shear resisted by plate action when a torque} T} is 
transmitted through a section lOA away from the support. 
Considering the plate in Fig. (lO) as the top wall of the box 
section} the side walls along AB and DC are assumed to deflect 
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as end loaded cantilever beams of length lOA. F is then 
computed by assuming a uniform shear flow at the section 
lOA from the support and by satisfying the condition of 
equal deflections between top and side walls at points B 
and C. 
Finite difference equations were used to determine the deflection 
and bending moments in the square plate under various boundary conditions for 
the sides AB and BC. 
2.7.3 Cases Considered. For all problems considered Poisson's 
ratio) ~) was considered to be zero. The following cases were investigated. 
(1) The edge AB was free to rotate) and was forced to assume the 
elastic line of an end loaded cantilever beam with the end deflection equal 
FA2 
to + N Side BC was also free to rotate) but it had a linearly varying 
l2 FA2 
deflection curve from + F ~ at B to - N at C. 
(2) This case was similar to case (1) except that the deflection 
curve along AB was assumed to be that of a uniformly loaded cantilever beam. 
In order to study the interaction between the horizontal and 
vertical walls of the section, a third case was studied. 
(3) The side AB was assumed to rest on a flexible beam without 
l2 
torsional resist&lce and with the end deflection equal to + F ~ at Point B. 
The flexural rigidity of the beam was taken equal to one-half the flexural 
rigidity of the vertical wall. The side BC was assumed free to rotate and to 
deflect. 
After taking into consideration the condition of anti-symmetry of 
the deflection surface, cases (1) and (2) each required solving 36 simultaneous 
equations ~~d case (3) required solVing 49 simultaneous equations to determine 
the deflection at each node point. 
The results of this analytical investigation are given in Chap. IV. 
3.1 Int~oductory Remarks 
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Chapter III 
EXPERIMENTAL INVESTIGATION 
Test results for members of closed thin-walled sections subjected to 
torsion and bending are not readily available in the literature. This is 
particularly true for curved members. 
The only experimental data that are known to the investigators are 
those obtained by the sponsor in the full-scale tests of C-frames. These 
members, however, were of a very complex geometrical configuration such that 
the test results cannot be fully used for experimental verification of the 
analytical studies reported in Chap 0 II. 
3.2 Object and Scope of Tests 
The object of the tests reported herein was to obtain measurements 
of strains and deflections in a curved member of square thin-walled cross 
section having simple geometry_ The strain measurements were of primary 
importance in these tests and were used for the purpose of evaluating the 
validity of the proposed analytical procedures for determining the transverse 
and axial flexural stresses. In combination with the data of the previous 
C-frames) the strain data from these tests can also serve as a guide in extending 
the approximate analytical methods to more complex structures, such as those of 
varying radii of curvatures. 
Deflections were obtained to provide a means of comparison with the 
predictions of the simple theory. Although deflections are not of great 
interest in statically determinate structures, they may be used to determine 
the distribution of loads to various members in indeterminate structures; 
also, the deSign of a member may sometimes be governed by deflection rather than 
stress or strength considerations. 
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A detailed description of the test specimen, instrumentation, loading, 
and the procedures used for data reduction is given in the following sections. 
The results of these tests are presented and compared with the analytical 
studies in Chap. IV. 
3.3 Test Specimen 
The details of the full-scale test specimen are presented in Figs. 
(11) through (13). All materials were of low-alloy high-strength structural 
steel meeting the re~uirements of Specification IE 170, Caterpillar Tractor 
Company. In order to provide a section of uniform thickness, the specimen was 
built up of 3/4 in. thick plates assembled by welding as shown in Fig. (llb). 
The fabrication of the specimen was done by the Caterpillar Tractor Company. 
The specimen consisted of a circular curved portion of 32 in. inner 
and 44 in. outer radii over a ~uadrant followed, on one side, by a long (114.5 
in.) strai8tt moment arm and, on the other Side, by a short (11.8 in.) straight 
portion wtict was welded to a 1 1/4 in. thick base plate. The long moment arm 
of the tes~ specimen was closed by another 1 1/4 in. thick plate to which a 
trunioD ~as ~eldedo Loads were applied only at the trunion. The specimen was 
bolted ~r:o~Gt its base plate to a supporting frame (see Sect. 3.4). This 
connec~io~ ~as cesigned to simulate as nearly as possible the conditions of a 
fixed suppc~~. 
3.4 Suppo~:~nb Frame 
Tte supporting frame was rectangular in plan as shown in Fig. (18). 
It was tied down to the laboratory floor by six 2 1/2 in. diameter tie rods, 
and consisted of a box member built of 2 - 15 in. Channel Sections and 2 - 21 in. 
x 1 in. plates on which the test specimen was bolted; two 13 ft long members 
each having 2 - 15 in. channels connected together by 1/2 in. stay plates; and 
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one 7 ft long member having 2 - 15 in. channels. The 13 ft members rested) on 
one end) on the 7 ft member and) on the other end) on the box member to which 
they both were welded to provide more rigidity for the box section. In 
addition to the members mentioned above) the supporting frame also had two 
vertical HF members. A 10 WF member was connected to the 7 ft member through a 
plate and was used to support the horizontal loading equipment. Another WF 
member) shorter than the former) rested directly on the floor and was centered 
unQer the trunion. The latter was used to support the vertical loading equipmento 
3.5 Loading Apparatus 
The specimen was tested for loads applied perpendicular to the plane 
of curvature (that is) horizontally)) and in the plane of curvature (that i~ in 
the vertical direction). These loads were applied individually) and no 
simultaneous application of the two loads was considered. In both cases 20-ton 
capacity hydraulic rams were used for load application. 
The arrangement of loading equipment for horizontal loads is presented 
in Figs. (14) and (19). The hydraulic ram was attached to an adjustable assembly 
that was kept in contact with the 10 WF vertical member. The other end of the 
hydraulic ram was connected to a load cell and then the load was a~plied to the 
specimen through a ball connection between the load cell and the trunion. In 
assembling the equipment and during testing) special care was exercised to 
maintain the line of action of the force in a horizontal direction and 
concentric with the centerline of the member. 
The arrangement of equipment for vertical loading is presented in 
Figs. (14) and (20). The hydraulic ram) in this case) rested on the top of a 
WF column. The connection between the ram and the load cell was similar to 
that for the horizontal loading. The load was transferred from the load cell to 
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a ball connection and then to the trunion through a curved fitting. By this 
arrangement, the line of action of the force remained vertical and concentric 
with the centerline of the member during testing. 
3.6 Instrumentation 
)o6.l Load Measurements 0 The applied loads for both horizontal and 
vertical loadings were measured using load cells which were designed for a working 
load of )5 kips. The load cells (electric resistance strain gage load cells) 
were calibrated in a l20,OOO lb. hydraulic universal testing machine. Prior to 
calibration, they were loaded in excess of their expected working load several 
times so that all zero shift in the gages which might result from local inelastic 
action would be eliminated. The load cells had a sen~itivity of l34 lb. per 
dial division on the straig indicator. 
)0602 Strain Measurements. The locations on the specimen in which 
strains were measured are shown in Fig. (lla). A total of l44 Type AX-5 SR-4 
electric strain gages having a nominal gage length of 7/l6 in. and gage factor 
of l.97 ~ .Ol were used to obtain strain measurements in two mutually 
perpendicular directions at 72 points of the test specimen. The two strains of 
interest at each location were parallel and normal to the axis of the member. 
The lead wires from the gages were run along the sides of the specimen 
and connected to a switch board which was in tur.n connected to a portable strain 
indicator as shown in Fig. (l2). The strain measurements were read from the 
portable strain indicator. 
).6.) Deflection Measurementso In addition to vertical and horizontal 
movements of the corners of the base plate of the test specimen, the movements 
of the four corners of the member at Sections D, E, and F shown in Fig. (lla) , 
were measured. In the plane of "each section the directions of interest for 
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each corner were the radial direction) and the direction normal to the radius 
in the plane of the member. All deflections were measured with 0.001 in. dial 
indic ators 0 
To substantially eliminate the effect of out of plane deformation of 
the corners on the measured deflections) the dials were mounted on a specially 
fabricated frame made of 2 x 2 x 1/4 angles) and ass.embled as shown in Figs. 
(15)) (16)) and (17). The frame was anchored to the floor independently of the 
loading frame) and was held in pOSition so as to act as a fixed reference frame 
on which the dials were mounted at the levels of the points whose deflections 
were desired) and parallel to the direction of movements which they were intended 
to measure. 
Two i/4 in. diameter) 3/8 in. deep holes were drilled and tapped 
3/8 in. froc the edge of the specimen at each corner whose deflections were to 
be meas~ed. Piano wire) 0.002 in. in diameter) was used to connect the dials 
to the corresponding points of the test specimen. It was imperative that the 
wires remai~ under sufficient tension during testing. This was accomplished by 
preset~inG ~he dials prior to testing. At each load increment the wires were 
checked :cr :.ibhtness before recording the corresponding reading. Figure (21) 
shows ~te arra~gement used to connect the dials to the test specimen by means 
of pia.'1c · ... ·:::.re. 
3.7 Testi~; Procedure 
Tte specimen was tested for loads applied perpendicular to the plane 
of curvature (horizontally)) and in the plane of curvature (vertically) 0 These 
loads were applied individually) and no simultaneous application of the two 
loads was considered. The horizontal loading was of primary importance for this 
investigation. Because this type of loading produces bending and torsion in the 
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curved portion of the specimen) whereas) vertical loading causes bending only) 
and under this latter type the specimen is expected to behave as a curved beam. 
Prior to recording data for anyone of the loading conditions described 
above) the specimen was loaded to the maximum test load several times in order 
to eliminate the effects of residual stresses) and zero-shift in gages which 
might result from local inelastic action. During these preliminary loadings) 
the strains at several locations of the specimen which were expected to be 
stressed most) were recorded for each increment of load. 
There were two tests for horizontal loading; hereafter) called Tests 
1 and 2 for brevity. In Test 1 the horizontal load was increased from zero to 
16 kips in increments of 4 kips and decreased from 16 kips to zero in the same 
increments. Readings for all strain gages and all dial indicators were recorded 
for all load levels. In Test 2 the horizontal load was increased from zero to 
16 kips in increments of 4 kips) and decreased from 16 kips to zero in increments 
of 8 kips. Since this test was planned primarily to provide data on deflections) 
no strain gage readings were taken) and the dial indicator readings were recorded 
only for the base and Sections D) E) and F. 
There was only one test for vertical loading) hereafter called Test 3. 
Since a preliminary study had indicated that the allowable load in the vertical 
plane is governed by the capacity of the base plate of the specimen and that 
this load must not exceed 9 kips) the vertical load in Test 3 was increased 
from 0 to 8 kips in increments of 4 kips and decreased to zero with the same 
increments. Readings for all strain gages were taken for all load increments. 
Dial indicator readings) however) were not recorded in this test because of 
excessively large base movements. 
-~-
3.8 Data Reduction 
3.8.1 Determination of Stresses. For each gage location, the 
recorded strain readings at the same load level during loading and unloading 
cycles were averaged. From these average readings the values of the transverse 
flexural strain, €r' and the axial flexural strain, €e' were determined. 
Recalling that the state of stress at any point is two dimenSional, Hooke1s 
relationships were used to determine the transverse and axial flexural stresses 
from the strains. Hooke1s law for a two dimensional state of stress reads: 
E (€r + ~ €e)' a 2 r 1 
- ~ 
(18) 
E (€e + ~ €r)' a8 1 2 
- ~ 
In applying Eqs. (18) to determine the experimental values of stresses 
frow the measured strains, the following values of E and ~ were used: E = 30,000 
ksi; ~ = 0.30. 
3.8.2 Effect of Base Rotations on Deflections. The support of the 
test specimen moved during testing, as it had been predicted. It translated in 
the direction of the axes Xl' X2 , and X3
) shown centered on the base plate in 
Fig. (22a) , and also it rotated about the three axes. The translation of the 
base was not significant, and its effects on the measured deflections could be 
neglected. The rotations of the base about the three axes, however, affected 
the magnitudes of the measured deflections significantly. In order to correct 
the measured deflections of the various points on the test specimen for the 
rotation of the support the following procedure was employed: 
000 In Fig. (22a) let el , 82 , and 83 denote the rotations about the axes 
Xl' X2 ' and X3
, respectively, which are produced at the center of the base plate 
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due to the movement of the support; the positive directions of these rotations 
are as indicated in Fig. (22b). For each load level) the rotations e~) e~) 
&~d eO were calculated from the measured deflections of the base plate) 3 
Fig. (22a). Determination of e~ for a specific load level will be explained 
in detail) as an example. Dividing the difference in the elevations of the 
points ~) A2 and ~) A4 by the distances between these points two angles of 
t ...... eOE d eOW b t th . X bt· ~ Th f 1 ro aulon) 1 an 1 ) a ou e axlS 1 were 0 alneQ. e average 0 ang es 
e~E and e~W was taken to be the angle of rotation of the support about axis Xl) 
o 
namely) el ) for the load level in question. The values of the els thus computed 
are given in Table (B.4). 
After computing the values of the els for each load level) the rigid 
body displacements produced at any point) p) on the test specimen in directions 
Y2 and Y3) Fig. (22c)) due to these base rotations were computed from Eqso (19) 
derived using Datrix algebra as described in Ref. (4): 
where) 
= rigid body displacements produced at point P in 
directions Y2 and Y3) respectively. 
~ position angle shown in Fig. (22c). 
cartesian coordinates of the point P referred to the 
set of X-axes at point 0) i.eo) center of the base 
plate. 
The above formulation provides a means of making a correction due to 
base movementso The deflection at point P in direction y. related to the fully 
l 
fixed support condition is therefore: 
-30-
(20) 
where 
6P = deflection at point P in direction y. related 
Yi to the fully fixed support condition l 
= the measured deflection at point P in direction 
Yi 
Equations (19) and (20) were used to determine) with respect to the 
fully fixed support condition) the deflections at the corners of the test 
specimen at sections D) E) and Fo 
3.8.3 Determination of Centerline Deflections. In order to determine 
the horizontal displacement of the centerline of the test specimen at Sections 
D) E) and F) for different loads) an 11.25 in. x 11.25 in. square was considered. 
The measured corner deflections of the test specimen corresponding to each 
load level) which had been corrected to the fully fixed support conditions) 
were assumed to exist at the corners of this square 0 The center of the deformed 
section was assumed to coincide with the intersection of the diagonals of the 
square. The equations of the diagonals of the deformed square with respect to 
an arbitrary set of axes were written) and the coordinates of their point of 
intersection was determined. The deflection of the center at the section in 
question was determined from the knowledge of the coordinates of the center in 
the deformed and undeformed states. This analytical approach was found to be 
more reliable in determining the center line deflections than a graphical 
construction. 
In order to obtain a better understanding of the deformations 
which take place in the member) the changes in the lengths of the diagonals of 
the member at Sections D) E) and F were also computed. 
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3.8.4 Determination of Centerline Rotations. By the angle of twist 
at any section is meant the angle through whkh the square section rotates as 
a rigid body about an axis passing through the center of the section and 
perpendicular to the plane of the section. This angle could not be determined 
directly from the measured displacements of the corners of the specimen; instead, 
the change in directions of the diagonals relative to their original directions 
was determined. These changes in the directions of the diagonals were 
averaged, and the average change was taken as a measure of the rotation of the 
section in question. 
The square, after its corners were displaced) assumed a distorted 
configuration. This distortion may cause a further change in the direction of 
the diagonals. To correct for the distortional rotations of the diagonals the 
following procedure was used: 
In a perfect square the angles between a diagonal and the adjacent 
sides are 45°. It follows that if the square were rotated about its center 
without distortion the angles between a diagonal and the adjacent sides would 
still be 45°. The angles between diagonals and the adjacent sides, in the 
11025 in. x 11025 in. square whose corners were moved similar to those of the 
o test specimen, however, were not 45. To account for this distortional effect) 
the following procedure was used. 
An 11.25 in. x 11025 inu square ABCD, Fig. (23) was considered and 
its corners were displaced to assume the dotted configuration A'B'C'D' 
corresponding to one section of the test specimen at a particular value of the 
test load. Concentrating on one diagonal only, for the purpose of illustration, 
the angle between lines DB and D'B' was determined from their slopes. This 
angle was called the apparent rotation of diagonal DB. The angles C~B'D', 
A'B'D', A'D'B', and C'D'B' were also determined. These were found to be 
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different from 45°, which vaJ.ue they would have had if there was no distortion. 
Then, it was determined through what angle, a, the line OIB' must rotate about 
point 0' to make the angle 0 'B"C I = 450 • Similarly, angles (3, )" and ~ were 
determined which would make the angles O'B"A) OID"G') and O'D"A' all 450 
angles. The angles a, (3) )" and ~ were averaged algebraically and this average 
vaJ.ue was applied as the distortional correction to the apparent angle of 
rotation determined for diagonaJ. DB. The angle of rotation for the diagonal 
AC was determined in a similar manner. The angles thus obtained were 
averaged and considered as a measure of the rotation of the section. This 
P l2k type of computations was carried out only for one load level, h = ,each 
in Tests land 2. 
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Chapter IV 
PRESENTATION AND DISCUSSION OF RESULTS 
4.1 Introductory Remarks 
The results of the experimental investigation are presented and 
compared in this chapter with the results of analytical investigation. Most 
of the results are shown in Figs. (25) through (45). All the experimental 
and analytical results are also presented in Tables (B.l) through (B.9) of 
Appendix B. 
A three-dimensional schematic representation of the test specimen is 
shown in Fig. (24). The four walls of the specimen are called top} bottom) 
inner) and outer walls) respectively. At any section the radius varies from 
point to point on the top and bottom walls} whereas it is constant for points 
on the inner and outer walls. Letters B t~~ough G are used to identify the 
six sections along the test specimen at which strains were measured. Sections 
Band F are at the points of tangency; sections C) D) and E are within the 
curved segment) and section G is along the straight arm of the test specimen) 
16 in. from the point of tangency. At each section the strain gages were 
placed on 12 points numbered 1 through 12) to measure the strains in the 
transverse &~d axial directions) Fig. (lla). 
4.2 Results for Loads Applied Normal to Plane of Curvature) Ph 
The behavior of the test specimen under loads normal to the plane of 
curvature} applied at the trunion)was of primary importance in this investi-
gation. Under this type of loading} the sections in the curved portion of the 
test specimen were subjected to both torsional and bending loads. The values 
of the measured and computed stresses) and deflections for this type of load 
are presented and compared in the following sections. 
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4.2.1 Comparison of Experimental and Computed Transverse Flexural 
Stresses. Experimentally determined values of the transverse flexural stresses 
at the gage points of the test specimen at various sections are plotted in 
Figs. (25) through (29) for several values of Ph" Also shown in these figures 
are the corresponding values of the transverse flexural stresses determined 
by the approximate analytical procedure described in Sect. 2.2.2. The strain 
gage in the transverse direction at point 6 of section E was found to be 
loosely bonded after the completion of tests. The experimental points 
corresponding to this gage are indicated in Fig. (28); however, they were 
disregarded when plotting the experimental curves. The computed stresses were 
determined using the following dim~nsions: r. = 32 in., r = 43.25 in., and 
l 0 
b = 11.25 in. 
The agreement between the experimental and computed curves in 
Figs. (25) through (29) at sections C, D, and E indicates a good correlation 
between the behavior of the curved box member under torsional and bending loads 
and the assumptions underlying the approximate method of analysis described in 
Sects. 2.2.1 and 2.2.2. The stresses at the midpoints of the Sides, that is, 
pOints 2) 5, 8) and 11, Fig. (29), are of negligible magnitudes as predicted 
by the method of analysis. 
The computed stresses were invariably greater than the measured 
values, and this overestimation of the stresses is probably due to the fact 
that the walls of the box section, which actually behave as plates, are assumed 
to act as beams in the analytical procedure. 
At the points of tangency, (sections B and F), the curvature of the 
axis becomes discontinuous. This discontinuity in curvature, in addition to 
the plate bending action, may affect the stress behavior in the neighboring 
sections, and account for the deviation observed between the experimental and 
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computed curves of section E. It should be noted that the computed stresses 
at sectionsB and F) the points of tangency) were obtained by dividing the 
theoretical stresses by 2 as it was suggested in Sect. 2.3 and give results 
which are in fair agreement with the measured stresses. Hence the factor of 
1/2 as described in Sect. 2.3 is recommended for tangent sections. 
At section G) located in-the straight portion, the measured trans-
verse flexural stresses are relatively small, but definitely different from 
zero. By extrapolating the experimental curves it is seen that the transverse 
flexural stresses reduce to zero at a distance about 1 ! b to 2 b from the 2 
point of tangency. 
The variation of the experimental transverse flexural stresses 
along the perimeter of each section is shown in Figo (30) for Ph = 12k. The 
orQi~ates drawn by heavy lines in this figure represent the measured values of 
the stresses. It is observed that at any given section the peak transverse 
flexural stresses occur at the corners with the absolute maximum values 
occurri~G at ~he corners of the inner Wall) as predicted by the method of 
analJ"sis. '::r.e variations of the stresses, drawn on the basis of measured 
values) appe~ ~o be approximately linear across the width and through the 
depth 0: ~~~ :~8SS sections, which is also in agreement with the analysis. 
~ 8:~ain a measure of the amount by which the predicted stresses 
overes~~a~c ::-.e :tieasured stresses, Table (B .1) is prepared. In this table 
cr 
the absolu:e ';alues of the ratio rm are given for points located 4 inches 
M/rt2 
frow the ~QPoi~t on all four walls of the box at sections C) D, and E for 
P = 4, 8) 12) and 16 kips. The st~ess, cr ) denotes the measured value of h rm -
the transverse flexural stress; r is the radius of the point in qu~stion; M is 
the bending moment at the section, and t is the wall thickness. The experimental 
average value of this ratio for all the points considered is 
(2l) 
It can be shown that the theoretical value of this ratio for the 
points considered is 0.533. Let ~ denote the distance measured from the 
midpoint to any point on the top wall. As explained in Sect. 2.2.2, the 
quantity (m.r) varies linearly from +m.r. to -m r on the top wall, Fig. (8). 
~ ~ 0 a 
Therefore, the transverse flexural moment per unit width at a point ~ from the 
center of the top wall is given by 
Substituting from Eq. (8) 
m 
~ 
2 r. =~m..2: 
b i r 
~ 
m - £D. .Ji.... ~ - b Sr 
~ 
Similarly for a point located at ~ from the center of the wall, on inner and 
outer walls we have 
- £D. .Ji.... 
mn - b Sr. ' 
'I ~ 
It follows that the following relationship is true for the points on all walls 
m - ~ M (22) ~-b 8r 
where r = radius at the point in question. The peak value of the transverse 
flexural stress at the point, without regard to sign, threfore is 
when 11 4 in. 
(12) (4) 
8b 
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(12) (4) 
(8) (11.25) 0·533 
From Table (B .1) it is also seen that the maximum and minimum values of the 
above ratio for the experimental results are: 0.500 and 0.346) respectively. 
All of the experimentally determined values of the transverse flexural 
stresses referred to above are given in Table (B.2) for all values of test loads. 
Also given in this table are the computed values of the transverse flexural 
k 
stresses for Ph = 16 . 
4.2.2 Comparison of Experimental and Computed Axial Flexural 
Stresses. Experimentally determined values of the axial flexural stresses at 
various sections are plotted in Figs. (31) through (34) for several values of Pho 
Also shown in these figures are the corresponding values of the computed axial 
flexural stresses. The axial flexural stresses were computed using two 
procedures. 
(1) The semi-empirical formula) Eq. (13), was used to determine 
stresses at sections C) D) and E. After several trials) the value of II afl in 
this formula was selected to be 8.625) which gives computed stresses that 
compare closely with the maximum measured stresses. It must be remarked that 
the semi-empirical formula is applicable only at the sections within the curved 
portion of the test specimen and for the particular member used in this 
investigation. 
(2) Equation (15), which is derived on the basis of the "plane-
section!! assumption) was used to determine theJilaxial flexural stresses at all 
sections. 
In computing the axial flexural stresses the follo1dng values of 
inner and outer radii were used: r. = 32 in.) r = 43.25 in. 
l 0 
Measured values of the axial flexural stresses along the perimeter 
k 
of each section are shown in Fig. (35) for Ph = 12. From Fig. (35) it is 
clear that the stress behavior exhibited at sections within the curved portion) 
sections C, D) and E) is different from the stress behavior at sections B and F) 
the points of tangency) and section G located in the straight portion of the 
test specimen. The stress distribution at section G) which was subjected only 
to bending moment) conforms with the stress distribution predicted by the plane 
section assumption. Within the curved portion) because of prevention or 
restriction of warping at various sections) combined with the variation in 
twisting moment) and unequal lengths of longitudinal fibers) normal axial 
stresses were induced and are superimposed on the stresses predicted by the 
plane-section formula. The stress behavior at the points of tangency is a 
transition froE the behavior observed in the curved portion to that observed at 
section G, 
Referring to Figs. (31) through (34) one may see that the stresses 
computed. f:-cr:. tre "plane-sectionlr assumption underestimate considerably the 
corresponCinG =easured stresses in the curved portion. The measured stresses 
are at sor:.e points twice as high as the computed stresses) and at points on the 
outer wall :.t.e r:.easured stresses have signs that are opposite to the stresses 
computed. :':-c~. :.::e "plane-section!! assumption. At sections C" D) and E" where 
the se~i-e:-.::pi:-ic a::. formula is applicable" the stresses computed from this 
formula pro";ic.e better correlation with the measured stresses; however) these 
val.ues also L:.ncierestimate slightly the maximum measured axial flexural stresses. 
The results presented in this section emphatically indicate a need 
for a method of analysis to determine the axial flexural stresses in curved 
members of closed thin walled sections under combined bending and torsional 
loads. A more rigorous study of this problem is beyond the scope of the present 
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investigation. The semi-empirical formula was used to obtain a better 
correlation with the measured stresses in the test specimen. Additional study 
of this problem is cer-t.ainly desirable 0 
Experimentally determined values of the axial flexural stresses are 
given in Table (B.3) for all values of test loads. Also given in this table 
k 
are the computed values of the axial flexural stresses for Ph = 16 . 
4.2.3 Deflection Results. The experimentally determined values of 
angle-of-rotation at the base of the test specimen are given in Table (B.4). 
These values were used in Eqs. (19) to determine the effects of base movement 
on the measured corner deflections at sections D, E, and F of the test specimen. 
After reducing the measured corner deflections to the fully fixed support 
condition, the procedure described in Sect. 3.8.3 was used to obtain the center-
line deflections at sections D, E, and F. These values are given in Table (B.5). 
Also given in this table are the values of the centerline deflections computed 
from the simple theory given by Eq. (16). The computed changes in the diagonal 
lengths of an ll.25 x 11.25 square hollow section subjected to the measured 
corner deflections of the test specimen after these deflections were reduced to 
the fully fixed support condition; are summarized in Table (B.7). 
It is seen from Table (B.7) that the diagonal Dl shortens; whereas 
D2 lengthens under torsional and bending loads. This type of deformation is to 
be expected at each of the sections under the loadings imposed at the trunion. 
As it was pointed out in Sect. 2.2.2; the distribution of the stresses and the 
geometry of the sections are such that, in effect, radial forces are produced 
in the top and bottom walls which act in opposite directions. Under this type 
of loading, Dl is expected to shorten; whereas D2 is expected to lengthen. 
Computed and experimentally determined centerline deflections are 
presented in Table (B.5)~ which show that the values predicted by the simple 
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theory are of the same order of magnitude as the experimentally determined 
values; the higher values agree closely with the corresponding experimental 
values. It must be emphasized) however) that there is no means of assessing 
the total errors involved in the measured values of the corner deflections) 
from which the centerline de£lections were deduced. Therefore) it is not 
possible to arrive at any definite conclusion regarding the validity of the 
simple theory) other than to indicate that it will,give values that will agree 
with measured values to within an order of magnitude. 
The centerline rotations determined from the corrected corner 
deflections of sections D) E) and F for Ph = 12k were determined using the 
procedure described in Sect. 3.8.4 and are given in Table (B.6). 
Results for Loads in the Plane of Curvature) P 
v 
Under this type of loading) the sections of the test specimen were 
subjected only to the bending in the plane of curvature. The results are 
summarized in the following sections. 
4.3.1 Comparison of Experimental and Computed Axial Flexural 
Stresses. Experimentally determined values of the axial flexural stresses at 
various sections are plotted in Figs. (36) through (38). Also shown in these 
figures are the corresponding values of the stresses computed from the Winkler-
Bach formula) Eq. (17). The following values of R and Z were used in this 
formula: R = 37.63 in.) Z = 0.143. The variations of the experimental stresses 
along the ~rimeter of each section are shown in Fig. for P 
v 
k 
= 8 . 
From Fig. (39) it is seen that the stresses are not constant across 
I"'~ _0. 
the inner and outer, walls) as predicted by the Winkler-Bach formula. The 
measured stresses at the midpoints of the walls are smaller than those at the 
corners. In a box member composed of thin plate elements) because of the 
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stiffness at the corners; this behavior is to be expected. However, in 
general the measured and computed stresses are in fair agreement. 
Experimentally determined values of the axial flexural stresses are 
given in Table (B.8) for all values of the test loads. Also given in this table 
are the computed values of these stresses for P = 8k . 
v 
4.3.2 Experimental Transverse Flexural Stresses. Experimentally 
determined values of transverse flexural stresses at various sections are 
plotted in Figs. (40) and (41) and are also tabulated in Table (B.9). The 
variations of these stresses along the perimeter of each section are shown in 
Fig. (42). There is no simple procedure available for computing these stresses, 
which are primarily a result of bending in the plane of the individual walls. 
From Fig. (42) it is seen that the transverse flexural stresses are 
negligible at the corners of the box, and their peak values occur at the 
midpoints of the walls. Such a stress behavior is to be expected from the 
plate action of each wall. 
404 Effect of Plate Bending on Stresses 
Curves of variation of bending moments in the x and y directions for 
cases 1, 2, and 3 (see Sect. 2.7.3) are shown in Figs. (43), (44) and (45), 
respectively. From these figures it is seen that- the magnitudes of bending 
moments in the y-direction (transverse) are negligible. On the other hand, the 
bending moments in the x-direction could add a sizeable value to the axial 
flexural stresses. For example, the maximum stresses due to plate bending in 
the straight portion near the support of the test specimen in Figo (lla) for a 
load of 16 kip applied at the trunion, are: 2.7 ksi, 3.7 ksi, and 2.7 ksi for 
cases 1, 2, and 3, respectively, which are therefore in the order of 30% of the 
values predicted by the I!plane-section" assumption. 
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Chapter V 
SUMMARY AND CONCLUSIONS 
The major part of this research study was concerned with the behavior 
of curved members of closed thin-walled sections under combined torsional and 
bending loads. Analytical and experimental studies were involved; the 
experimental work being primarily concerned with verifying the analytical 
developments. 
The objectives of the analytical studies were to develop formulas for 
estimating the stress condition at any point in a curved member of box section. 
The formulas were intended for design purposes and are thus made as simple as 
possible. These formulas and the assumptions underlying their development were 
verified by testing a full-scale member under simulated loading conditions. 
Both the analytical and experimental results show that the dominant 
component of the stress in such members is the transverse flexural stress, cr , 
r 
which is caused by the distortion of the cross section. In this respect the 
computed stresses agree very well with the measured values, and are always on 
the safe side. The higher values of such a stress occur at the corners of the 
section with the maximum values occurring at the two inner corners. 
The axial flexural stresses, cr e, were computed from a formula based 
on the !!plane-sectionll assumption for points within the curved portion of the 
test specimen. By direct comparison of the computed stresses with the 
corresponding experimental values, it was concluded that for pOints within the 
curved portion, the stresses computed on the basis of the "plane sectionll 
assumption do not agree with the experimental values. In a curved member of 
non-circular cross section, because of prevention or restriction of warping at 
various sections, combined with variable twisting moment and unequal lengths of 
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the longitudinal fibers, additional stresses are induced which are superimposed 
on the stresses predicted by the "plane-section" formula. A semi-empirical 
formula was presented which provides a better correlation with the test results. 
It is also pointed out that the stresses computed from this formula under-
estimate slightly the maximum measured values. A more rigorous study of this 
problem was beyond the scope of the present investigation; however, additional 
study of this problem is desirable. 
The effect of plate bending on stresses near the support of the test 
specimen (region of high torsional load) was investigated. It was shown that 
the transverse flexural stresses are not affected significantly by plate bending; 
however, the effect of plate bending is to increase the computed axial flexural 
stresses by about 30%. 
Translational displacements o,f the center line of the member) as 
predicted by a simple linear theory, agree reasonably well (at least to within 
an order of magnitude) with the measured values after corrections were made for 
base movements. 
The specimen was also tested for loads in the plane of curvature. 
These tests were of secondary importance in the present investigation. It was 
shown that the measured axial flexural stresses verify the stresses predicted by 
the WinlLLer-Bach formula. However, the walls of the member behave as plate 
elements and the measured transverse flexural stresses at midpoints of the 
walls were of the same order of magnitude as the computed axial flexural 
stresses. 
The transverse flexural stresses are usually negligible in structural 
members of open cross-sections) such as I-beams or channels. Such a stress, 
however, turns out to be the predominant component in members of closed square 
thin-walled sections. The design of structural members of this type of 
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cross-sections) therefore) requires a workable formula for predicting this 
stress component. The major contribution of this research study is the 
development of a formula for such purposes) and a critical evaluation of 
other existing formulas for estimating the other components of a stress 
tensor in members of the type considered. It was concluded also that the 
conventional formula flor calculating the axial flexural stress is not 
applicable for curved members. 
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.......... __ -... Computed (Plane-section assumption) j!r 
- .... _ ... Computed (Semi-empirical :formula.) 
---------- Experimental 
. ,10 BC~~~ fl12 
A P = Load normal to plane 
h of curvature 
"-___ ..J'''"-Inner wall 
Cross Section 
+50 Point 10 
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Ph = 16 
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-10 
-20r---------~~~~---4~--------+-----~~~--------~ 
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p c: 8k 
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FIG. 31 COMPARISON OF COMPUTED AND EXPERIMENTAL AXIAL 
FLEXURAL STRESSES FOR POINTS 10 AND 12 
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_ __ __ __ Computed (Plane-section assumption) 
--_ .... Computed (Semi .... empirical formula) 
Experimental 
---..... r ............ i\- Inner wall. 
-+-+-+--~~ 
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FIG. 32 COMPARISON OF COMPUTED AND EX:PERIMENTAL AXIAL 
FLEXURAL STRESSES FOR POINTS! AND 2 
Point 1 
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Computed (Plane-section assumption) 
Computed (Semi-empirical formula.) 
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FIG .. 33 COMPARISON OF COMPLlTRP A.&"AID EXPERIMENTAL p;y:r.JJ., 
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FIG. 34 COMPARISON OF COMPUTED AND EXPERlNEHTAL AXIAL 
FLEXURAL SIBESSES FOR PO DlTS ~, 2., I' AND g 
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FIG 0 35 EXPERIMENTAL VALUES OF AXIAL FLEXURAL STRESSES AT 
VARIOUS SECTIONS OF TEST SPECIMEN FOR Ph = l~ 
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FIG" 36 COMPARISON 01' COM!YUTED AND EXPERIMENTAL AXIAL 
FLEXURAL STRESSES FOR POINTS 10, il, AND 12 
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FIG .. 37 COMPARISON OF COMPOTED AND EXPERlMEllTAL AXIAL 
FLEXURAL STRESSES FOR POINTS 2±, ..2'. AND 6 
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FIG. 38 COMPARISON OF COMPUTED AND EXPERIMENTAL AXIAL 
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FIG 0 39 EXPERIMENTAL VALUES OF AXIAL FLEXURAL STRESSES AT 
VARIOUS SECTIONS OF TEST SPECIMEN FOR P = ak 
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FIG" 41 EXPERIMENTAL VALUES OF TRANSVERSE FLEXURAL 
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FIG.. 42 EXPERIMENTAL VALUES OF TRANSVERSE FLEXURAL STRESSES 
AT VARIOUS SECTIONS OF TEST SPECIMEN FOR P = 8k v . 
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Appendix A 
APPLICATION OF APPROXI~illTE FORMULA FOR TRANSV&~SE FLEXURAL STRESSES 
In this Appendix) the approximate procedure of the Sect. 2.2.2 for 
the determination of transverse flexural stresses in a curved box member is 
applied to &"1. idealized structure for illustrative purposes 0 
Example 
Determir:e: 
For the structure and loading shown in Fig. (9a)) 
a. 
c 
c 
-Ok 
.L ) 
100 in.) 
r 57.7 in. 
t 1 in.) 
b 12 in. 
The section where the maximum transverse flexural stresses 
occur in the member. 
The value of maximum transverse flexural stress in section 
(2..) above. 
:ransverse flexural stresses at the points indicated in Figo (9b) 
for section (a) above 0 
~l:E: value of maximum transverse flexural. stress at the section; 
Q = O. 
~ :2e =aximum transverse flexural stress in the member occurs at 
the sect.io:-_ ',·;;:erE: oending moment) 1'-1) is maxi.mum. Referring to Fig. (9a)) 
M P (c cos a + r sin a)o 
Naxir:.izing I'll 'in th respect to a) that is J 
dM 
da o 
results in) 
Therefore) 
M 
max 
-1 r tan -
c 
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t -1 57.7 an 100 
-10 [(100)(0.866) + (57.7)(0.500)J -1154 in. k 
b. Maximum flexural stress at any given section occurs at the inner 
corners. Using Eq. (11) 
cr . 
r~ 
3 1154 
="4 (51. 7) (1) 2 16.7 ksi 
The sign of this stress is to be determined from the distortion diagram shown 
in Fig. (9b). 
c. To determine the stresses at other points) m. and m should first 
~ a 
be determined from Eqs. (8) and (9). 
m. 
1154 2.80 i~.k 
~ (8)(51.7) ~n 
m 
1154 2.26 i~.k 
a (8)(63.7) ~n 
The transverse flexural moment per unit width at any point) ill) is determined 
from these values of m. and m and the assumption that the quantity (m.r) varies 
~ 0 
linearly from +m.r. to -m r across the top and bottom walls) and that m varies 
l l 0 0 
linearly across the inner and outer walls. The values of m for the points 
indicated in Fig. (9b) are given in Table (A.l). Also given in this table are· 
the values of cr determined from Eq. (10). In Table (A.l) the flexural moments 
r 
which produce tension in the outer fibers) and tensile stresses are considered 
positive. 
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TABLE A.l 
CJ 
m r 
Point ~in.k/in~ ~kSiL 
1 +1.87 +11.2 
2 -1.87 -11.2 
3 -1.80 -10.8 
4 +1·57 + 9·4 
5 +1·50 + 9·0 
6 
-1·50 - 9·0 
7 -1·57 - 9.4 
8 +1.80 +10.8 
d. The bending moment at section a = 0, is 
M = - (10) (100) = ~1000 in.k 
Since the section a = 0 is at the point of tangency of the member, the value of 
m. or 0 . computed at this section is to be divided by 2, or 
l rl 
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APPENDIX B 
TABULATION OF RESULTS 
... 86-
7 9 
61 110 C 
4 I~ __ """=,,,~_ lImer Wall 
1 
Cross Section 
a . 
TABlE B.1 RATIO· :rm2 FOR VARIOUS PODTS Min . 
arm/{Mjrt2 ) 
F 
4-
, 
Ph = load normal. to 
plane ot curvature 
Section Point 
. p = 4k p = ak Ph = Jdt Ph :: 16k h h . 
10 0.45, 0.453 0.454 0.449 
12 0.445 0.445 0.445 0.442 
1 0.431 0.4;4 0.433 0.428 
9 0.:;83 0.389 0·390 0.388 
C . 
3 0.400 0.400 0.408 0.413 
7 0.;86 0.393 0.396 0.;86 
4 0.478 0.482 0.485 0.479 
6 . 0.;86 0.;93 0·;90 0.389 
Average 0.420 . 0.424 0.425 0.422 
10 0.426 0.4;4 0.439 0.437 
12 0.468 0.472 0.474- 0.468 
1 0.42l. 0.423 0.425 0.422 
9 0·391 0.;97 0.401 0.400 
D 3 0.462 0.464 0.468 0.464 
7 0.429 0.429 0.429 0.424 
4 0.497 0.499 0.500 0.474 
6 0.412 0.420 0.421- 0.419 
Average 0.438 0.442 0.445 0.439 
10 0.426 0.4;0 0.4;1 0.429 
, 
E 12 0.:;81 0.}i31 0.388 0.383 
1 0.;46 0·350 0.352 0.:;46 
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1 9 
6 I 110 
Imler Wall A·j , I, Ph = load normal. to 
plane of curvature 1 
Cross Section 
a 
TABLE B.1 (Cont lid. ) RATIO :rm 2 FOR VARIOUS PODTS 
Mlrt 
Section Point 
arm/(M/rt2) 
Ph = 4k P ::z. ff- Ph == 1~ Ph ::lII J.6k h 
9 0·377 0·375 0.376 0·372 
3 0.,65 0 .. 369 0.369 0.368 
E 1 0·310 0.374 0 .. 374 0.311 
4 0.414 0.424- 0.4-26 0.427 
6 0 .. 414 0.424 0.426 0.421 
Average 0.381 0 .. 392 0.393 0.390 
Grand Average 0.418 
Max:Jm1Dn 0.500 
M1n1mmn 0 .. ;46 
Theoretical 0.533 
section 
B 
C 
... 
-88- G 
F 
I 
r+-
7 8 9 . w- / / 
61 I 10 C L Ph \ 
"- \ 
51 I 11 ~~i B 41 ~ Imier Wall Ph:: load no:rmal to A 
:; 2 1 . plane of curvature 
Cross Section 
TABLE B. 2 EXPERlMENTAL AIm CCMPUTED V AIDES OF mANSVERSE 
. FLEXURAL STRESSES, (Jr' DUE TO Ph 
Point 
arm (ks1) arc (Itsi)* 
p = 4k P. = ek p =~ Ph :: 16k P :: 16k h h h h 
1 -3 .. 2 - 6.4 ... 9 .. 4 ... 12.; ... '8 .. 6 
2 -0 .. 1 
- 0.2 0 ... 0.1 0 
; +;·3 + 6.1 +10.2 +13·2 + 6.9 
4 +2.4 + 4.7 + 1.2 + 9·3 + 6.7 
5 -0.5 ... 0.9 .... 1.4 - 2.2 0 
6 .... 2.8 
- 5.1 ... 8.4 -li.1 aD 6.7 
7 .... 2.3 ... 4.5 - 7.1 ... 9.1 ... 6 .. 9 
8 
-0·3 - 0.2 ... 0.4 - 0.4 0 
9 +2 .. 1 . + 5.4 + 8.2 +10.6 + 8 .. 6 
10 +2 .. 8 + 5 .. 6 + 8.4 +10.1 + 9 .. 0 
II -0 .. 5 ... 1.2 ... 1 .. 9 GO 2.9 0 
12 -; .. 6 ... 1·2 -11.0 .... 14.2 ... 9.0 
1 .... 7.2 ... 14 .. 5 -21.7 ... 28.6 -35.6 
2 ... 0.5 
- 0.9 ... 1.3 .... 1.5 0 
3 +5.4 +10 .. 8 +16 .. 5 +22.8 +28 .. 8 
4 +6 .. 2 +12.5 +18 .. 9 +24.9 +27.7 
5 +0 .. 4 + 0.7 + 0.9 + 1.0 0 
6 .... 5.0 -10 .. 2 .... 15.2 .... 20.2 -27 .. 7 
7 -5.2 .... 10 .. 6 ... 16.0 -20.8 ... 28.8 
8 +0.4 + 0.9 + 1·3 + 1.8 0 
9 +6.4 +13.0 +19 .. 5 +25.9 +;5.6 
arc for other values of Ph can be ob~ by proportions .. 
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F G 
7 8 9 
\ 
\ 
C 6 I 110 \ \ 
" \ -~I B -+-+-+--- - -~ 
A~..,.,..,..,."'!"'I" P = load normal to 
h plane of curvature 
5 I III 
4 I ~~ Inner 'Wall 
3 2 1 
Cross Section 
TABLE B.2 ~ Cent 'd .. ) EXPE:RIMENTAl AND COMPUTED VALUES OF TRANSVERSE 
FLEXURAL STRESSES, a r' DUE TO Ph 
a (ks1)* arm (01) rc Section Point 
P = 4k P = ak Ph = Ji'- k It h h Ph ::: 16 Ph = 16 
10 + 7·9 +15 .. 9 +23 .. 9 +31 .. 5 +37 .. 4-
c II + 0 .. 2 + 0.4 + 0 .. 4 + 0 .. 4- 0 
12 ... 7.8 
-15.6 -2:;.4 "'31 .. 0 -37 .. 4 
1 ... 9 .. 6 ... 19 .. 3 -29.1 -;8 .. 5 ... 48 .. 6 . 
2 ... 0 .. 5 .;. 1.1 ... 1 .. 8 OlD 2.3 0 
3 + 8 .. 5 +17.1 +25 .. 9 +34 .. 2 +39·3 
4 + 8.8 +1.7 .. 1 +26.6 +33 .. 6 +37 .. 8 
5 + 0 .. 2 + 0.5 + 0 .. 9 + 1 .. 0 0 
D 6 ... 7 .. 3 -14.9 -22.4 
-29.7 .... 37 .. 8 
7 .... 7 .. 9 -15 .. ~ -23 .. 7 .... 31 .. 2 -39 .. 3 
8 + 0 .. 2 + 0 .. 2 + 0 .. 3 + 0 .. 5 0 
9 + 8.9 +18 .. 1 +27.4- +36 .. 5 +48 .. 6 
10 +10 .. 2 +20.8 +31.6 +41.9 +51 .. 1 
II + 0 .. 5 + 1.1 + 1 .. 6 + 1 .. 9 0 
12 -1l .. 2 .... 22 .. 6 -;4.1 .... 44 .. 9 
-51.1 
1 ... 8 .. 8 ... 17.8 
-26 .. 9 -35.2 -54 .. 3 
2 ... 0 .. 2 ... 0 .. 5 CD 0 .. 8 ... 1 .. 2 0 
E :; + 7.5 +15 .. 2 +22 .. 8 +30 .. 3 +43 .. 9 
4 + 8.2 +16 .. 8 +25 .. 3 +33 .. 8 +42 .. 2 
5 + 0 .. 4- + 0.9 + 1 .. :; + 1·1 0 
6 
- 6 .. 4- -12 .. 8 -19 .. 4 -25 .. 6 -42 .. 2 
* 
~ 
arc for other values of Ph can be obtained by proportions .. 
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7 8 9 
61 flO 
5 I 111 
4 I~~!""""",-~~ Inner Wall 
3 2 1 
Cross Section 
C 
F G 
rt-
t 4-I 
\ I P-
n 
'\. \ I 
B -+--+-+--~ ~I 
A,....,..,..,.~ ...... Ph = load normal. to 
plane of curvature 
TABLE B .. 2 (Cont I.d) EXPERIMENTAL AND COMPl11'ED VALUES OF TRANSVERSE 
FIEXURAL STRESSES, G
r
, DUE TO Ph 
O''MI 
(ksi) 
Section Point k k Ph :: lit Ph :: 4: Ph :: 8 Ph = 16 
7 ... 7 .. 6 ... 15.4 -23.1 -30.5 
8 0 - 0.1 .... 0.2 - 0 .. 4 
E 9 + 9.6 +19.1 +28.7 +37.9 
10 +11 .. 4 +23 .. 0 +34 .. 6 +45 .. 9 
11 + 0.4 + 0 .. 6 + 1 .. 0 + 1 .. 3 
12 -10 .. 2 -20 .. 7 -31 .. 2 -41.0 
1 ... 6.1 -12.1 -18 .. 2 -24.0 
... 
2 .... 0.2 - 0.4 ... 0.4 - 0 .. 5 
; 
~ + ').4 +11.1' +16.9 +22.7 
4 + 6 .. 4 +13.1 +19.6 +26 .. l 
5 + 0 .. 3 + 0.5 + 0.8 + 1.2 
F 6 ... 6 .. 0 +12.8 -18.1 -23 .. 9 
7 ... 6.1 .... 11.9 -17 .. 9 -23 .. 8 
8 + 0.1 + 0 .. 1 + 0.2 + 0.4 
Q .... 6.") +12.1 +17 .. 9 +21.7 
10 .... h 7 +]~ 7 .?O.7 +27 .. ') 
11 + 0.4 + 0.9 + 1.7 + 2.3 
12 ... 6.8 -13.3 ... 19 .. 9 -26 .. 3 
1 ... 2.6 ... c;_~ /-., .... 8 .. 0 ... 10 .. 5 
G 2 em 0.3 ... 0 .. 4 .... 0.7 ... 0.8 
"S + 1 .. 9 + 3 .. 9 + 5 .. 8 + 7.5 
-,. 
* a for other vaJ.ues of Ph can be obtained by proportions .. 
rc 
G
rc 
\ks1)* 
k Ph :: 16 k 
... 43.6 
0 
+54.3 
+57.0 
0 
"'57.0 
-25.8 
0 
+20 .. 9 
+20.1 
0 
-20 .. 1 
-20 .. 9 
0 
+25.8 
+21 .. 2 
0 
-27 .. 2 
0 
0 
0 
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7 8 2-
61 110 
51 III 
41 
- Inner Wall 
:; 2 1 
Cross Section 
C \ 
F G' 
r+-
"~\ I -~i 
B --+-1-4--- - --~ 
A P = load normal to 
h plane of curva.ture 
TABLE B.2 (Cont Id. ) EXPERDtEITAL AID CCIfi'UTED VAImS OF TRABSVERSE 
FLEXURAL STRESS, a :I roE TO Ph 
. r 
a (ksi)* arm (ks1) 
rc Section Point 
Ph = 4k Ph = ak P =1~ P - 16k P - 16K h h - h -
4 +2.4 +4.8 +7.1 + 9.7 0 
5 0 +O.l. +0.1 + 0.2 0 
6 ... 2.1 ... 4., -6.4 
- 8.2 0 
G 7 -2.2 -4., -6.5 ... 8.6 0' 
Po ...Ln ., 
-'-" '%, 
..0.4 + 0 .. 6 0 V .v •• 
-.-...... "'" 
9 +2.8 +5.5 +8.2 +ll.O 0 
10 +2.7 +5.6 +8.4 +11 .. 1 0 
11 +0.1 +0.1 +0.; + 0., 0 
12 
-2·5 -5., -7.9 .... 10.' 0 
* C1 for other values of' Ph can be obtained by proportions. rc 
Section 
B 
c 
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F G 
7 8 9 
- -61 110 C Ph ~~ 51 III B 41 Imler Wall. A Ph = load normal to 
3 2 1 plane of' curvature 
Cross Section 
TABLE B.3 EXPERIMENTAL A!m COO'O'l'ED VAIDES OF 
AXIAL FLEXURAL STRESSES 1 (1 e DUE TO Ph 
Clem (ksi) aec (ks1) x 
Point 
P _ 4k P = 8k Ph all: J.ik- k P - 16
k P - lbk 
Ph = 16 h - h -h - h Eq. (13) Eq .. (lU 
. * 
1 -1 .. 7 - 3.6 - 5.4 - 7 .. 1 - 5 .. 6 
2 -1., 
- 2 .. 6 - , .. 8 - 5 .. 2 - 5 .. 0 
3 -1.0 
- 1 .. 9 - 2.8. .. ,.8 ... 4 .. 6 
4 -0 .. 4 
- 0 .. 1 ... 0 .. 8 - 1 .. 2 ... 2 .. 9 
5 ... 0 .. 4 - 0 .. 9 ... 1.2 - 1 .. 1 ~ 0 ~ 
6 +0 .. 2 + 0 .. 4 + 0.9 + 1., ~ + 2.9 
'1 
1 +1.2 + 2 .. 5 + 3.8 + 5 .. l ~ + 4 .. 6 
8 +2 .. 1 + 4 .. 3 + 6.5 + 8 .. 6 
..., 
+ 5 .. 0 ~ 
9 +2 .. 3 + 4.5 + 6.8 + 8.7 + 5 .. 6 
10 +1 .. 8 + 3 .. 5 + 5 .. 2 + 6 .. 6 + 4.0 
II +0 .. 6 + 1 .. 3 + 1 .. 8 + 2 .. 1 0 
12 -0 .. 7 ... 1 .. 5 
- 2.4 - 3 .. 1 ... 4.0 
1 .... 7 .. 0 +14 .. 0 -21 .. 2 -28 .. 0 -24 .. 8 -11 .. 7 
2 -4 .. 0 . - 8 .. 1 -12.1 -15 .. 8 ... 9 .. 8 -10.5 
3 -0 .. 4 ... 0 .. 7 .... 1 .. 0 - 1.0 + 3 .. 5 .... 9 .. 5 
4 +2 .. 1 + 4 .. 1 + 6 .. 4 + 8.5 + 7 .. 1 ... 6 .. 0 
5 +0 .. 3 + 0 .. 5 + 0 .. 7 + 0 .. 8 0 0 
6 -1 .. 7 
- 3 .. 5 .... 5.2 ... 6 .. 8 - 7 .. 1 + 6 .. 0 
1 -0.1 ... 0 .. 2 ... 0.3 ... 0.6 - 3 .. 5 + 9 .. 5 
x C1 Be for other values of Ph can be obtained by proportions. 
* Computed by semi-empirical. formula, a = 8.625 in. 
**' Computed from "plane-section" assumption .. 
Section 
C 
D 
E 
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1 8 9 
61 I 10 
51 I II 
4 I ~,--12 Imler Wall. 
:; 2 1 
Cross Section 
G 
c \ Ph 
" \ 1 
..... \i ~I B ---+-+--+---- -  
Ar-r'r"1"~""'" Ph = load normal to 
plane of curvature 
TABLE B.:; (Cont' d. ) EXPERIMERTAL AID COMPUTED VALUES OF 
AXIAL F.LEXllRAL STRESSES, ('18' DUE TO Ph 
(Jam (ks1) t1ec Cui) x 
Point P _16k P 16k 
P ='4k P .- ak k k h- h= h . h - Ph :: 12 Ph &: 16 Eq. (13) Eq. (lU 
'* 
8 + ,.9 + 7.9 +11.8 +15·7 + 9 .. 8 +10.5 
9 + 7.1 +14.3 +21·3 +28.2 +24 .. 8 +1l.7 
10 + 4.7 + 9.4 +14.1· +1B.6 +21.3 + 8., 
II 0 0 GOP 0.1 ... 0.3 0 0 
12 
- 4.0 ... 8.2 ... 12., .... 16.4- -21.3 ... 8., 
1 ... 9.9 -20.0 -30412 -40.1 -33.9 -16.1 
2 .... 4.1 - 9.B -14.9 -19.5 .... 13 .. 4 -14.4-
:; + 0.6 + 1.3 + 1.9 + 2.5 + 4 .. 8 -13·0 
4 + 3.8 + 7.6 +ll.6 +14.9 + 9·7 ... B.:; 
5 + 0.2 + 0.5 + 0.9 + 1.2 0 0 
6 ... ,.2 ... 6.3 ... 9.5 -12.4-
- 9·7 + 8.3 
7 I - 0·3 - 0.4 - 0.6 - 0.6 .... 4.8 +13·0 
8 + 4.8 + 9.6 +14.6 +19.; +13.4 +l4.4 
9 +10.2 +20.4 . +30.8 +40.9 +33.9 +16.1 
10 + 6.9~ +13.8 +20.1 +21 .. 4 +29.1 +11.4 
11 + 0.1 + 0., + 0·3 + 0.4- 0 0 
12 ... 6.4- -]2.8 .... 19$5 ... 25.7 -29.1 .... 11.4 
1 ... 10.0 -20.4 ... ;0.6 -40.5 -37·9 -18.0 
2 ... 5.1 -10.2 -15.4 ... 20.5 ... 14.9 -16.1 
x ('lee for other values of Ph can be obtained by proportions. 
... COBp\lted by sem.1 .... emp1r1cal formula, 8. :: 8.625 in. 
*if- Computed from tfplane-section" assumption. 
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7 8 9 
6 I 110 
5 I III 
4 I ~12 . 
"'""'-------' '--- Inner Wall 
3 2 1 
Cross Section 
c 
B 
G 
F 
Ph :: load normal to 
plane of curvature 
TABLE B.3 (Cont"d.) ~ AND CCXPUTED VAWES OF 
AXIAL FLEXURAL STRESSES, G 8' WE TO Ph 
Gem (ks1) Gee (Its1) x 
Section Point Ph :c 16K P - 16k k P - ak Ph = lit k h-Ph :: 4 h - Ph :: 16 Eq. (13) Eq .. (15) 
* 
.M 
3 .... 0 .. 2 - 0·3 ... 0.5 - 0.6 + 5.4 -14.5 
4 + 3·2 + 6 .. 5 + 9 .. 8 +13·1 +10.8 ... 9 .. 2 
5 + 0.2 + 0 .. 4 + 0.7 + 1 .. 0 0 0 
6 ... 2 .. 5 .... 5.0 ... 7.6 ... 9.9 -10.8 + 9.2 
7 + 0.3 + 0.6 + 1.0 + 1·3 - 5.4 +14.5 
E 
8 + 5.5 +10.9 +16.4 +21.7 +14 .. 9 +16.1 
9 +ll.1 +22.1 +33 .. 2 +43 .. 8 +37.9 +18.0 
10 + 7 .. 9 +15.8 +23.4 +31.0 +:;2 .. 5 +12.1 
11 + 0.4 + 0 .. 7 + 1.0 + 1 .. 3 0 0 
12 
- 6 .. 3 .... 12.9 -19.4 -25 .. 7 -32.5 -12 .. 7 
1 ... 6 .. 8 -13.6'- ... 20.4 -27·2 ... 17.1 
2 - 4.6 ... 9.2 -13 .. 7 ... 17.9 I ... 15.2 
3 .... 1.7 .... 3 .. 3 - 5.0 - 6.5 ... 13.8 
4 + 0 .. 5 + 1·3 + 2.0 + 2 .. 1 ! ~ ... 8 .. 8 ;g 
C) 
F 5 - 0.1 .... 0.1 ... 0 .. 2 - 0.1 "" 0 r-I 
6 ... 0.9 ... 2.0 ... 2.5 ... 3 .. 2 ~ + 8.8 
7 I + 1 .. 3 + 2 .. 9 + 4 .. 8 + 5.8 b 
= 
+13.8 
8 + 4 .. 3 + 8.1 . +13 .. 1 +17.4 +15 .. 2 
9 + 7 .. 2 +14 .. 4 +21 .. 5 -- +17 .. 1 
x a Be for other values 01' Ph can be obtained by proportions., 
.. Computed by semi ... empirical formn.la, a :: 8.625 in .. 
** Computed from uplane-sect1on" assumption. 
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789 
6 I I 10 
5 I 111 
4 I~ ____ ~~ DmerWau 
3 2 1 
Cross Section 
F 
TABLE B .. 3 (Cont'd.) EXPERlMENTAL AND COMPOTE!) VAWES OF 
AXIAL F.I.J!:XURAL STRESSES, C'J 8' WE TO Ph 
G 
Oem (Itsi) aee (its1) x 
Section Point 
p _ ~6k 
Ph = -4k Ph 2: fit P. _ 12k k h-h - Ph = 16 Eq .. (13~ 
10 +5·3 +10 .. 1 +15 .. 5 +20.7 
F II 40 .. 4 + 0.6 + 1.2 + 1.0 
12 -4.5 ... 9.1 ... 13.6 -11.9 
1 
-3·3 .... 6.6 ... 10.0 -13.2 
2 -3.4 ... 6.7 ... 10 .. 0 .. 13 .. 2 
~ 
- 6.8 3 -3.4 -10.2 -13.4 ..... r9 
4 -2.5 ... 5.0 ... 7 .. 5 ... 9 .. 7 C) ~ 
5 -0 .. 1 .... 0 .. 1 .... 0 .. 4 .. 0.4 ~ 
G I 6 +2 .. 2 + 4.4 + 6.,7 + 9.1 
.p 
0 
= 
7 +3·1 + 6e6 +10 .. 0 +13 .. 3 
8 +3.2 + 6 .. 6 + 9 .. 8 +13·1 
9 +3.4 + 6.8 +10 .. 1 +13·5 
10 I +2.4 + 4.8 + 7.2 + 9.,5 
11 +0 .. 2 ~ 0.3 + 0 ... 4 + 0.5 
12 -2.0 ... 4 .. 2 - 6 ... 5 - 8 .. 5 
x an for other values of P can be obtained by proportions .. QC h 
'* Computed by semi .... empirical forwla., a = 8 .. 625 in .. 
** Computed by "plane-section" assumption. 
P - 16k h -
Eq .. (15~* 
+12.4 
0 
... 12.4 
-1302 
-13·2 
-13 .. 2 
.... 8.8 
0 
+ 8.8 
+13 .. 2 
+13·2 
+13 .. 2 ! 
+ 8 .. 8 I 
0 
... 8.8 
f 
tIC) 
.;i 
a1 
0 
ra 
:J 
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/ 
L' 
Ph = load normal to 
plane of 
curvature 
TABLE B .. 4 MEASURED VAllJES OF BASE ROTATIONS, DUE TO Ph 
Test ~ Test 2 
p fP (10"'3) eO (10-3, eO (10 .... 3 ) eO (10-3, e~ (10-3 ) 8~ (10-3) h 1 2 J, 3 1 I 
rad. rad .. rad .. rad .. rad. roo ... 
0 0 0 0 0 0 0 
4 +0 .. 0166 +0 .. 4362 .... 0.0769 +0.0383 +0.8000 ... 0 .. 1730 
8 +0 .. 2296 +1 .. 6000 0 +0 .. 0383 +3 .. 0736 -0.2450 
12 +0.2296 +3 .. 1580 +0.1923 ... 0 .. 0383 +5 .. 4736 .... 0.3654-
16 +0 .. 2680 +4.7580 +0 .. 5965 -0 .. 1l49 +7 .. 1579 -0.40:;8 
12 +0.2680 +4 .. 2527 +0 .. 2885 CO> 
- -
8 +0.1914 +3 .. 4948 +0.1731 ... 0.0166 +5 .. 9368 ... 0 .. 5384 
4 I +0 .. 0766 +2 .. 1895 +0 .. 0:;85 .... 
-
.... 
0 0 +o .. l263 0 +0 .. 5359 +0 .. 5894 +0 .. 7885 
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\ 
~~~ 
C /~ h 
B 
Inner Wall 
A, ,,'f ' 
Cross Section 
P b. = load normal to 
plane of curvature 
TABLE B.5 MEASURED AND COMPUTED CENTER LINE D~TIONS IN 
DIRECTION NORMAL TO PI..AHE OF CURVATURE, roE TO Ph 
0* (in.) 
m 
Section Ph Test 1 Test 2 
kips Unloading 
Average 
Loading Unloading Loading 
4 0 .. 06 0 .. 09 0.09 
-
0.08 
D 8 0.14 0 .. 17 0.16 0.20 0.17 
12 0.24 0.24 0.24-
-
0.24 
16 0·30 - 0.32 - 0.31 
4 O.ll 0.13 0.12 
-
0.l2 
E 
8 0.23 0.26 0.26 0.29 0.26 
J2 0.36 0.)8 0.39 .... 0 .. :;8 
16 0.49 
-
0.50 .. 0.50 
4 0.17 0.19 0.11 
-
0.15 
8 0.;4 0.:;8 0.36 0.41 0.37 
F 
12 0.52 0.55 0.57 
-
0.55 
16 0·71 ... 0.76 
-
0.73 
5 (in.) 
c 
By 
simple 
theory ** 
0.04 
0.09 
0.13 
0.17 
0.09 
0.18 
0.28 
0·37 
0.15 
0·30 
0.45 
0.60 
* a = measured deflection reduced to full.y fixed support cond! tion. 
m 
** 0 lC computed from Eq .. (15). 
c 
TABLE B .. 6 MEASURED ROTATIONS OF DIAGONAL OF AN 11 .. 25 x 11.25 SQUARE 
SUBJECTED TO CORNER DEFLECTIONS OF TEST SPECIMEN FOR Ph = J2k 
<Pl (rad.) <P2 (rad .. ) Average 
Section q> for 
Test 1 Test 2 Average Test 1 Test 2 Average Section 
D ... +0.0005 +0.0005 
-
-0.0007 -0.0007 -0.0001 
E -0.0025 .... 0.0015 -0.0020 -0.0017 ... 0.0010 -0.0014 -0.0011 
F .... 0.0070 -0 .. 0064 ... 0.0061 -0.0069 .... 0.0066 -0.0068 -0.0068 
'x/ 
/ " 
CrOSB Section 
Inner Wall 
Dl 
D2 
c 
B tlJ 
E 
;\"" 
\ 
F 
'-", I 
---"'<\~j 
:II 
Ph = load normal to 
plane of 
curvature 
TABLE Be 7 COMPUTED CHANGES IN DIAGONAL LENGTHS OF AN 11.25 xlI. 25 SQUARE 
SUBJECTED TO CORNER DEFLECTIONS OF TEST SPECIMEN, DUE TO Ph 
n; - D (in .. ) D~ - D (in.) 
Section Ph Test 1 Test 2 Average Test 1 
Test-2 
Average 
kips loading Uriloadin~ Loading Un1oa.dinE Loading UnloadinE Loading Unloadin~ 
4 -0 .. 031 --0.034 -0,,028 ... ... 0.031 +0.027 +0.032 +0.034 - +0.031 
, 
8 -0.064 -0.071 -0.063 -0.068 -0.066 +0 .. 054 +0.059 . +0.063 +0.061 +0 .. 059 
D 
1~ -0 .. 098 -0.102 .. O.09~ .. -0.098 +0.088 +0.088 +0.084 GO +0 .. 087 
16 -0.131 ... ... 0.127 - -0.129 +0.112 ... +0.110 ... +0.111 
4 -0 .. 023 -0 .. 021 ... 0,,030 ... .. 0.025 +0 .. 025 +0.022 +0.020 - +0.022 
8 -0 .. 052 -0.078 -0.043 -0 .. 050 -0 .. 056 +0.041 +0.040 +0.047 +0.047 +0. 04}~ 
-.-
E 
12 ... 0.090 -0.094 -0.084 
-
-0.089 +0.062 +0.058 +0.047 ... +0.056 
........ -
16 -0.132 ... -0.127 ... -0.130 +0.079 - +0.081 .... +0 .. 080 
4 -0.024 -0.018 ... ... -0 .. 021 +0 .. 011 +0 .. 019 - - +0.015 
I 
8 -0.056 -0 .. 052 ... ... -0.054 +0 .. 015 +0,,013 - ... +0.014 
F 12 -0 .. 083 -0.088 .. ... -0.085 +0 .. 019 +0.014 .. .. +0.016 
16 -0 .. 129 ... ... .. -0.129 +0.008 ... .. - +0 .. 008 
* Indicates changed length of the diagonal. 
• \0 
0:> 
I 
F G 
~ t ~~ i 
'7 8 9 , 
6 II II 10 
C ____ J / '" \ I 
5 II 1111 ~--~ 
~12 B - -~. _._-4 II 
.--. Inner Wall A ,}J jf~ '7" P ::: load. in plane of curvature 
v 3 2 1 
Cross Section 
TABLE Be 8 EXPERIMENTAL AND COMPt1.rED VALUES OF AXIAL FLEXURAL STRESSES, (16' DUE TO P V 
(1 fu (kat) P'ec (ks :l J ~. o em(kai) Pec(ksi) oem (kai) ~1lc.(ks1) 
~ectlon Point p I: 4J! !P. :: BY.. p == ~ SectiOl Point p ::: l}t k p ::: al!. SectiOl Point p = 4k p = Sk p == S~ v v v v Pv =S v V V v 
1 +3.9 + 1.6 + 1 .. 4 1 +4.1 + 9.7 + 7.3 1 +4.2 + 8.7 + 6.8 
2 .... 0 .. 9 .. 1.9 
- 0.7 2 -1 .. 4, ~ 2.5 .. ' 0.7 2 -1.4 - 2 .. 2 ... 0._1 
3 -5.1 -10.2 - 7.3 3 -6.3 -12.2 .. 7 .l~ 3 -6.3 -12.2 ... 6.8 
4 -4.5 - 9.1 -10 ft 2 4 -4.9 - 9.7 -10.0 4 -4~5 -9.112 ... ~4. 
s -2 .. 2 ... _4-'".3. -1.0,,-2. 5 -0 h - , ? -10 0 t; -0 h -1 ? -Q 4 
B 6 -4.6 ... 8.7 ... 10.2 c 6 -5.5 -10.8 -10.0 D 6 ... 4.4 - 8.4 ... 9.4 
7 -4.9 .. 9.4 ... 7.3 7 .. 6 .. 2 -12.4 ... 7.4 7 -5·7 -11·5 ... 6.8 
8 -0.7 .. le4 .... 0.7 8 -1.1 ... 2.4 ... 0.7 8 ... 0.9 - 1.9 .. 0.1. 
q +4 0 _of:. _7.t0.5. .+.3...& .2. +5.1 + 9 .. 8 + 7.3 9 +2.2 +10.2 + 6.8] 
10 +6~5 +12,,6 +12.3. 10 +1.3 +14.3 +12.0 10 +.2.5 +14.6 +11,3 
11 +6.3 +12.6 +12.3 11 +5.1 +10.1 +12.0 11 +4,.7. + 9.4 +11.3 
12 +7.0 +14.4 +12."3 12 +7.1 +11~8 4 +12.0 12 +6.6 +13.5 +11·2 
'* rJe for otbe r values of P can be obtained by proportions. c v 
B 
\0 
\0 
I 
1 8 9 
6 II Ii 10 
5 II 1111 
4 II J12 
:; 2 1 
Cross Section 
C 
B tJ t 
A i. " If 
E F G 
.--
r--
l 
Py 
- ~' 
P :: load in plane of' curvature 
v 
TABLE B.8 (ContDd.) EXPERIMENTAL.AND CCMPUTED VAWES OF AXIAL FLEXlJRAl, STRESSES, ~6' DUE TO P
v 
O'em (ka1) (1ecG.ml)~ Gem (kat) ~tC(ai)* Gem (ka1) Gee 0ts1~ 
SectiOt Point p = 4k P = el- P D fjK ~ect1ot Pq1nt P =4k P = ak p=8A pectioll Point P = 4k p = 8k P, =8k 
v v v v v v v v v 
1 +3.8 + 8.3 + 6.2 1 +2.1 + 5·1 +5.4 1 +2.4 +4.8 +4.4 
2 -1.2 - 2.0 .... 0.7 2 -0.8' - 1 .. 4 -0.7 2 0 0 0 
3 -5.4 -10·7 .... 6 .. 3 :; -;.8 - 7.4 -5 .. 6 3 -2.2 -4.5 -4.4 
4 -4.1 - 8.3 - 8 .. 7 4 -4.0 ... 7.8 -7 .. 8 4 -3·7 -:7.0 -6.6 
5 -0·7 - 1.4 - 8.1 5 -2·3 - 4.5 -1.8 5 -3 .. 6 -1.; ... 6 .. 6 
--
E 6 
-3 .. 9 - 7 .. 7 ... 8 .. 1 F 6 -3·9 - 1 .. 1 -7.8 G 6 -3.6 -7 .. 1 -6 .. 6 
--
7 -5 .. 6 -11 .. 1 - 6 .. 3 7 -3.8 - 7 .. 6 -5 .. 6 1 -2 .. 3 -4 .. 5 -4 .. 4 I I 
I-- .. - ~.--.-- 1----- f----.-
------j 
8 -1 .. 0 ... 2 .. 0 ... 0 .. 1 8 ... 0 .. 5 - 1.2 -0 .. 1 8 +0 .. 1 +1 .. 0 0 
I 
\------ f---. 
9 +4 .. 2 + 8 .. 5 + 6 .. 2 9 +3 .. 4 + 6 .. 5 +5. 4 9 +2 .. 5 +4.8 +4.4 
--I-. 
10 +6 .. 5 +12·1 +10 .. 3 10 +5.1 +10 .. 1 +9 .. 0 10 +3.6 +7.2 +6.6 
f--. .. -1-- .. -
--
11 +4.0 + 8.5 +10 .. 3 11 +4 .. , + 8.1 +9.0 11 +3 .. 4 +1 .. 0 +6.6 
12 +6.0 +12 .. 1 +10 .. , 12 +4.4 + 9·0 +9.0 12 +3 .. 4 +6.9 +6.6 
* 0' ec for other values of P v can be obtained by proportions. 
• ...., 
o 
o 
u 
1 8 9 
6 1110 
5 II IIll 
4 II ~112 
3 2 1 
Cross Section 
c 
ABl 
E' F G 
(.- rf- f ... • 
.... ' ....... 
-~: 
P 
v 
P = load in plane of curvature 
v 
TABLE B.9 *' MEASURED V ~ OF TRANSVERSE FLEXURAL STRESSES, (1 , DUE TO P r y 
C1 (ksi) C1 (kGi) arm (ks1) 
Section Point rm Section Point rm. Section Point 
P = 4K P = ff P = 4Jt Py ::: aK P :: 4lt P = ak v v v v v 
1 -2.4 - 5.8 1 -2.9 - 5.1 1 -3·0 .. 5.3 
2 -1.5 .. 2.8 2 .. 2.5 - 4.1 2 ... 2., ... 4.5 
-
3 ... 1·3 - 2.8 3 -2.6 - 5·3 3 -2.5 .. 5.2 
4 +0.9 + 1.5 4 +1.5 + 2.8 4 +1.8 + 3·2 
5 +3·5 + 6.8 5 +6.1 +]2., 5 +5.9 +11.8 
B 6 +0.9 + 2.4 c· 6 -1.4 - 2.1 D 6 +1.7 + 3.8 
--
1 -1·3 - 2.1 1 -2.1 - 5.1 7 -2.8 - 5.2 
--
8 -1.2 - 2.0 8 -2.1 - 4.2 8 -2.1 - 4.1 
9 .. 1.7 .. ,.4 9 -2.3 - 5.0 9 .. 2.2 - 4.6 
--
10 +2.1 + ,.1 10 +2·7 + 5.0 10 +2.9 + 5.6 
11 +6.5 +12.9 11 +1.6 +15.1 11 +7.4 +14.6 
1--. 
-- -
12 +1.9 + 4.2 12 +2.9 + 6.2 12 +2.9 + 6.4 
..... , 
... 
No simple procedure tor computation of these stresses is available. 
• b 
I-' 
• 
1 8 9 
611 110 5 I I 11 
41L-= 1112 
3 2 1 
CroS2:J Section 
* 
F G E 
, rf- rt-
D . (~-f! t F Ur:' 4-(" , ".,'; .'. '.J<"...: \, 1 C ''', I p 1...::1.--.. ~ "'" " I V 
-, "..... '-"'" \\ i 
B I A '----,~ I L -J--- - ---'-- -- P := load in plane of curvature 
v A 
TABLE B.9 (Cont"d.) MEASURED VALUES OF TRANSVERSE FLEXURAL STRESSES, a , DUE TO P 
r v 
arm (kat) a (kai) . (J (kai) 
Sectio):l Point Section Point rm. Section Point rm ' 
P == 4k p ::: ak p == 4k p am ak Pv == 4k Pv =ak-v v v v 
1 
-2·3 "" 4.1 1 -1.5 -2.7 1 +0.1 +0.3 
2 ... 1.9 ... 3.8 2 -1.1 .. 2.2 - 2 0 -0.1 
, 
.... 2.1 .. 4.3 3 -1.0 -2.1 3 +0.2 +0., 
4 +1·5 + 2.7 4 +0.4 +0.9 4 -0.1 -0.2 
5 +5.1 +10., 5 +2.6 +5.1 5 -0.2 -0 .. 4 
E 6 +1.6 + 3·5 F 6 +0., +1.0 G 6 .. 0.3 -0.5 
7 -2 .. 6 - 5.0 7 -1.6 .. 3·0 7 -0.2 ... 0·3 
8 -2.0 ... 3·9 8 ... 1.2 -2.4 8 ... 0.1 -0.1 
, 9 
-3 .. 2 - 4.5 9 -0.9 -1.8 9 +0.2 +0.4 
1.0 +2.7 + 5.0 10 +1.6 +2.9 10 +0.,' +0·5 
11 +5.7 +12.9 11 +4.0 +7.8 11 +0.1 +0 .. 5 
r--' 
12 +2.4 + 5.1 12 +1.0 +2.4 12 0 +0.2 
* No simple procedure tor computation of these stresses 1s available. 
• I-J 
o 
ro 
B 
